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Abstract 
 
Supercapacitors (SCs) have attracted increasing attention owing to their unique properties, such 
as fast charge and discharge rates, long cycle life and high power density. However, the key 
drawback of SCs is the limited energy density. An effective strategy to address this issue is to 
enhance electrode capacitance, which can be achieved by a number of approaches, including 
increasing specific surface area, incorporating metal oxides or conducting polymers to 
introduce pseudocapacitance, and tailoring the electrode pore structure and surface chemistry 
to match well with the electrolyte. This project aims to develop graphite-derived composite 
electrode materials for improving SCs performance, in particular with regard to energy density. 
 
Graphene is considered a promising electrode for SCs1, 2 because of its high specific surface 
area and excellent electron conductivity.3, 4 Graphene can be prepared from natural graphite via 
either a physical approach5 or a chemical venue.6 The latter is the most commonly used method 
in preparing graphene materials (strictly speaking, reduced graphene oxide materials), which 
have a fairly low specific surface area due to agglomeration upon reduction of graphite oxide 
for recovering the conjugated π carbon bonds. To maintain the high specific surface area of 
reduced graphene oxide, researchers have reported various strategies, such as pillaring between 
graphene sheets,7-9 fabrication of graphene superstructures,10-12 and self-assembly of graphene 
sheets.13-15 
 
In this PhD thesis work, graphite or expanded graphite was used directly to prepare composite 
electrode materials. Instead of exfoliation of graphite oxide to graphene oxide followed by 
pillaring, electroactive materials were directly added to graphite or graphite oxide. 
 
Described in Chapter 4 is regarding manganese oxide decorated graphite oxide composite 
electrode material, which were prepared by using a one-pot method. Manganese oxide particles 
were directly dispersed on graphite oxide surface during the synthesis of graphite oxide using 
the modified Hummers’ method with potassium manganese permanganate. The morphology 
and crystalline phase of the manganese oxide can be controlled by adjusting the mass ratio of 
KMnO4 to graphite. The sample prepared at the mass ratio of 2 exhibited the highest specific 
capacitance among all GrO-MnOx composites, revealing the importance of morphology and 
ii 
 
phase of manganese oxides on the electrocapacitive properties of GrO-MnOx composite 
electrodes. 
 
Chapter 5 reports a vacuum-thermal synthesis method for preparing composite electrode 
materials consisting of reduced graphene oxide (RGO) and nickel oxide (NiO) nanoparticles. 
Graphene oxide was thermally expanded (EGO) in vacuum and simultaneously nickel (II) 
acetylacetonate was decomposed to form NiO nanoparticles between graphene layers. This 
method allowed the simultaneous reduction of graphene oxide and homogeneous dispersion of 
NiO nanoparticles into graphene layers with well-maintained structural and electrochemical 
advantages. The EGO-NiO composite exhibited a specific capacitance of 880 F g-1 and a 93.1% 
retention of its initial capacitance after 5000 cycles at a high current density of 5 A g-1. 
 
Chapter 6 presents composite electrode materials consisting of expanded graphite (EG), carbon 
CNT and NiO were prepared by a chemical vapour deposition process followed by KOH 
activation. The EG-CNT-NiO ternary composite inherited the advantages of the excellent 
electric conductivity of the EG-CNT scaffold and the pseudocapacitance of NiO, thereby, 
showed an improved electrochemical performance compared to EG when applied as electrode 
material for SCs. The EG-CNT-NiO’s capacitance reached 294 F g-1 and 93.4% retention of 
its initial capacitance after 3000 cycles. 
 
In Chapter 7, a method for preparing RGO/cellulose paper (CP) materials is discussed. CP 
provides a continuous network for impregnation of GO. Both the GO content and the KOH 
activation temperature were studied and optimized. The RGO/CP composite with a GO content 
of 0.2 mg cm-2 and KOH activated at 800 °C delivered a specific capacitance of 220 F g-1 in 
6M KOH and 97.6% capacitance remained after 10000 cycles. An all-solid state supercapacitor 
device employing the optimized composite as both electrodes and PVA-H2SO4 gel as 
electrolyte showed a capacitance of 49 mF cm-2 at 2 mV s-1. 
 
In summary, four strategies for preparing graphite-derived composite electrode materials with 
high electrocapacitive performance are demonstrated in this PhD thesis. Based on the work 
covered in this thesis, it can be concluded that the synergetic effects of graphite-derived 
materials and metal oxides reveal the structure-property relationships. At first, the electric 
double layer capacitance from graphite-derived materials and pseudocapacitance from metal 
oxides both contribute to electrocapacitive performance. Secondly, the conductive substrate 
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(graphite-derived materials) provide the support for metal oxides deposition. Lastly, 
maximizing the electrode performance relies on tailoring composite structure such as species, 
phase, and morphology of metal oxides. It is noted that in situ strategy is a more effective way 
to hybridise electrocapacitive materials with graphite-derived materials. Moreover, the π bonds 
in the carbon plane may provide new possibilities to modify or functionalize graphite-derived 
materials. Further research should focus on the interfacial interactions between substrate and 
hybridising blocks. The design of hybrid electrode materials give insight to develop SCs with 
high performance. 
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1.1 Background 
Developing advanced energy storage technologies such as rechargeable batteries and 
supercapacitors (SCs) plays a central role in the exploitation and utilization of renewable 
energy sources such as wind power, tidal energy, and solar energy. Their great importance is 
also reflected by the widespread application in electric and hybrid vehicles, smart grids, and 
uninterrupted power supply (UPS). This scenario has driven researchers to look for advanced 
energy storage systems (ESSs),1, 2 such as lithium-ion batteries (LIBs) and SCs. 
 
Supercapacitors, also known as ultracapacitors, have a number of characteristics, such as high 
specific power density, fast charge/discharge rates (as illustrated by the Ragone plot in Figure 
1.1),3-7 and a long cycle life. However, they suffer from limited energy density when compared 
with batteries. The calculation of the energy density (E in Wh kg-1) by E = CV2/2 (C is 
capacitance of the cell (in F·g-1) and V is working voltage (in V)) clearly indicates the  
correlation between E and C. Therefore, developing high-capacitance electrode materials is 
critically important in achiving advanced SCs with high energy density. 
 
The most commonly used commercial electrode materials are activated carbons (ACs) with a 
high specific surface area (1000-2000 m2·g-1)8 and typical specific capacitances ranging from 
100 to 120 F·g-1 in an organic electrolyte, corresponding to specific energy densities in the 
range between 6 and 10 Wh·kg-1,9 significantly lower than that of LIBs. Other advanced 
electrode materials such as graphene,10, 11 MnO2,
12, 13 NiO,14, 15 CNT,16, 17 and composite 
materials18, 19 have recently been demonstrated as promising electrodes for high-performance 
SCs. 
 
Graphite-derived materials,20, 21 including graphene, graphene oxide, and graphite oxide, are 
emerging electrode materials for high-performance SCs. Of particular interest is graphene due 
to their intrinsic high electronic conductivity (~106 S cm-1) and theoretical specific surface area 
(2630 m2·g-1).22-25 However, the decay of specific surface area due to the restacking of 
nanosheets and the unfavorable diffusion of electrolyte caused by the limited interlayer spacing 
are the central issues that hamper their practical application. 
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Figure 1.1 Ragone plot showing different energy storage devices3-7 
 
1.2 Research objectives 
This thesis project aims to investigate graphite-derived composite materials for high-
performance SCs. The specific objectives are to: 
 
1. design and prepare various composite electrode samples consisting of metal oxides (for 
pseudocapacitance) and graphite-derived carbon materials (for electric double-layer 
capacitance and conducting electrons). 
 
2. characterise the physical and chemical properties of the electrode samples using 
techniques, including scanning electron microscopy, transmission electron microscopy-
ray diffraction, X-ray photoelectron spectroscopy, thermogravimetric analysis, Raman 
spectroscopy and nitrogen sorption analyses. 
 
3. Evaluate the electrocapacitive properties of the composite electrode materials using 
techniques, including cyclic voltammetry, galvanostatic charge-discharge, and 
electrochemical impedance spectroscopy. 
 
4. identify important parameters in materials synthesis for maximizing electrode 
performance and establish a property-performance relationship of metal oxide/graphite-
derived carbon composite electrode materials. 
4 
  
1.3 Thesis outline 
This thesis contains eight chapters as outlined below: 
 
Chapter 1 Introduction - This chapter briefly presents the research background, scope and 
objectives. 
 
Chapter 2 Literature Review - This chapter provides a comprehensive review on graphite-
derived carbon materials, metal oxides/carbon composites, carbon nanotube/graphite-derived 
composites and activated carbon/graphite-derived composites. 
 
Chapter 3 Experiment Methods - This chapter discusses the chemicals used, experimental 
methods for materials fabrication as well as related techniques for characterization and 
electrochemical performance evaluation. 
 
Chapter 4 discusses graphite oxide/manganese oxide composite electrodes for SCs. A one-pot 
synthesis method is described for preparing graphite oxide/manganese oxide composite. 
Dispersed manganese oxide particles were precipitated on the graphite oxide surfaces from 
KMnO4 added during the synthesis of graphite oxide by using a modified Hummers’ method. 
The morphology and crystalline phase of the manganese oxide can be controlled by adjusting 
the mass ratio of KMnO4/graphite. 
 
Chapter 5 reports a research on RGO-NiO composite electrode materials. This chapter 
demonstrates a nanohybrid electrode material based on RGO loaded with NiO nanoparticles 
via vacuum thermal treatment. Graphene oxide was thermally expanded in vacuum and 
simultaneously nickel (II) acetylacetonate decomposed to form NiO nanoparticles between 
graphene layers. This method not only allowed the uniform dispersion of NiO nanoparticles 
into graphene layers but also enabled simultaneous reduction of graphene oxide. The structural 
and electrochemical advantages of both reduced graphene oxide and nanoscale NiO particles 
were maintained. 
 
Chapter 6 presents a study on a composite electrode material consisting of expanded graphite, 
CNT, and NiO. Chemical vapour deposition and KOH activation was employed to fabricate 
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the composite. The composite inherits the advantages of each component and shows excellent 
electrochemical properties as an electrode material for SCs. 
 
Chapter 7 presents a research work on reduced graphene oxide/cellulose paper composite 
electrode for SCs. A composite material integrating reduced graphene oxide and cellulose 
paper was fabricated via a saturation impregnation process. Reduced graphene oxide uniformly 
deposited onto the cellulose fibers, showing a conductive and continuous network. The ratio of 
two ingredients was optimized. The composite was further activated by KOH, and the 
activation temperature effect was also studied. 
 
Important conclusions and future research recommendations in this area are given in Chapter 
8. 
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2.1 Introduction 
Graphite-derived materials consist of graphite oxide, graphene oxide (GO) and graphene. It is 
necessary to identify these terms before we start with the subsequent discussions. 
 
2.1.1 Graphite oxide and graphene oxide 
Graphite is made up of multilayers of sp2 carbon atoms in hexagons.1Graphite has an interlayer 
distance of 0.33 nm. Graphite oxide is a product of graphite oxidized by oxidants such as acids.2 
The interlayer distance of graphite oxide was enlarged to 0.6-1.2 nm on account of the oxygen-
containing groups bearing on the basal planes and edges.3, 4 
 
GO is single or few layers of graphite oxide.5 It can be obtained through ultrasonication or 
stirring of graphite oxide suspension. The chemical structure of GO modelled by Lerf and 
Klinowski is widely accepted (Figure 2.1),6, 7 in that model, GO carbon plane is decorated with 
oxygen containing groups such as hydroxyl and epoxy, carboxylic acids along the sheet edges 
and organic carbonyl defects within the sheet. The property of GO can be tailored via the 
functionalization of groups on the surface. Moreover, the hydrophilic property of GO enables 
it good dispersion ability in solution offering opportunities for solution processing. 
 
 
Figure 2.1 Lerf-Klinowski model of GO with the omission of minor groups (carboxyl, carbonyl, 
ester, etc.) on the periphery of the carbon plane of the graphitic platelets of GO.6, 7 
 
2.1.2 Graphene 
Graphene is a monolayer sheet of sp2 carbon atoms arranged in a honeycomb pattern (Figure 
2.2).8 Theoretically, the specific surface area of graphene can reach 2630 m2 g-1,9 superior to 
that of conventional flake graphite (8 m2 g-1).10 The conductivity of graphene can reach 106 S 
m-1.11 The charge mobility of graphene is more than 200,000 cm2 V-1 S-1.12 By virtue of the 
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extraordinary electronic properties and strong mechanical strength, graphene is considered 
superior materials in various fields since its discovery in 2004.13-16 
 
 
Figure 2.2 Graphene and all other graphitic materials.8 
 
2.1.3 Hummers’ method 
In general, the Brodie,17 Staudenmaier18, or Hummers’ method19 or some variations of those 
methods can be employed to prepare GO. Hummers’ method was employed in this thesis. 
Figure 2.3 demonstrates the Hummers’ method.3 At first, flake graphite was oxidized with 
concentrated acids and strong oxidants to graphite oxide. Then ultrasonication of graphite oxide 
suspension to form a stable aqueous dispersion, namely GO. The as-obtained GO could be 
easily reduced to graphene via varieties of routes.20-22 It is to note that here “graphene” is not 
the pristine graphene. Strictly speaking, it is reduced graphene oxide (RGO), whose carbon 
plane is the restoration of sp2 carbon atoms with some defects on edges. Normally, RGO is an 
alternative of graphene in practice.23 The structure of RGO varies due to little differences in 
the treatments such as the reduction routes. RGO sometimes is recognized as CMG (chemically 
modified graphene).24 In fact, RGO is more appealing than pristine graphene because of its 
easy accessibility and processability. It has opened intensive research across the industries and 
academia.25-27 
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Figure 2.3 Synthesis of GO and graphene, starting from graphite in sulphuric acid with 
potassium permanganate as the oxidant.3 
 
2.2 Graphite-derived electrode materials 
Graphite is often used as a conductivity additive due to its remarkable conductivity (105 S m-1) 
instead of an electrode material for SCs. The interlayer spacing of graphite is too narrow to 
allow the electrolyte to diffuse inside.28 Therefore, the average area normalized capacitance of 
graphite is 15 uF·cm-2.29 Graphite oxide has the intrinsic capacitance about 14 F g-1.30 
 
In the case of GO, the specific capacitance can be more than 100 F g-1.31 Xu et al.31 reported 
that GO possesses a high capacitance of 189 F g-1 at a current density of 0.05 A g-1, which can 
be attributed to the pseudocapacitance originated from the oxygen-containing groups attached 
to its basal plane. However, Deng et al.32 systematically investigated the influence of oxygen-
containing groups and concluded that the less oxygenated species increase the specific 
capacitance. Also, GO can be modified through the functionalization of heterocycle for a high 
capacitance.33 In work of Kim et al.,34 poly (ionic liquids) modified GO achieved a specific 
capacitance of 187 F g-1 at a current density of  1 A g-1. 
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Graphene has a theoretical capacitance up to 550 F g-1  based on the theoretical surface area.20 
In 2008, Vivekchand et al.35 pioneered prepared graphene with surface area reached 925 m2 g-
1 for SCs. The capacitance reached 117 F g-1 in the H2SO4 electrolyte. However, at this stage, 
the pristine CMG material can reach the specific capacitance value of 135 F g-1 and 99 F·g-1 in 
the aqueous and organic electrolyte, respectively.36 With the aid of further study on exfoliation 
and reduction of GO, the capacitance can reach 190 F g-1 in aqueous and 120 F g-1 in organic 
electrolytes.37 In later work, thermally reduced graphite oxide exhibited a capacitance of 264 
F g-1.38 In spite of the vast exploration, real applications of graphene have yet to be fully 
realized. The capacitance is still less than half of its theoretical value. The aggregation and 
stacking of individual graphene nanosheets is the main obstacle to realizing the theoretical 
specific surface areas which leads to low practical capacitance.27, 39 
 
To fully utilize the intrinsic surface area of graphene, one direct way is to construct desired 
porous structure. Specifically, crumpled graphene (wrinkled configuration), holey graphene 
(creating nanopores) and graphene foam (building up 3D macroscopic architecture) have been 
extensively investigated. Various methods have been developed for realizing those unique 
porous structures. 
 
2.2.1 Crumpled graphene 
Crumpled graphene has the properties such as high surface area and high pore volume 40-42 
because of the reconstruction of graphene sheets into the wrinkled configuration. Thermal 
expansion, cooling contraction, and electrochemical activation are three main methods to 
prepare crumpled graphene. 
 
Thermal expansion releases the evolved gases trapped between the graphene sheets.43 Then the 
vacancies and defects on the graphene sheets further bind or crumple the nanosheets. Yang et 
al.38 developed a new low-temperature expansion approach. The fleeing out of oxygen-
containing groups exerts an outward drawing force on the expanding process. The capacitance 
reached 264 F g-1 at a current density of 0.1 A g-1. 
 
Highly crumpled graphene sheets were synthesized by thermal reduction of graphite oxide 
followed by rapid cooling process.44 The rapid cooling process breaks down the weak van der 
Waals interactions between adjacent graphene layers. The consequential structure is with 
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intense shrinkage and exfoliation.45 The as-obtained crumpled graphene displayed a surface 
area of 518 m2 g-1. Such crumpled graphene (Figure 2.4) exhibited a specific capacitance of 
349 F g-1 at 2 mV s-1.44 
 
 
Figure 2.4 (a) SEM images of highly crumpled graphene sheets (b) enlargement of the dashed 
frame region in (a).44 (c) and (d) TEM images of HCGS.46 
 
Electrochemical activation of graphitic carbon can also overcome the Van der Waals energy 
through ions intercalation so that the interlayer distance was increased.47 As a result, the 
electrolyte ions transportation was boosted. Electrochemically treated expanded graphite 
became highly accessible for ions to the interlayer space and got a capacitance of 130-140 F g-
1 after threshold voltage treatment.48 In Hantel et al.’s work, the small surface area of the 
reduced GO results in the rather low capacitance, while the one with interlayer distance of 0.44 
nm leads to a capacitance of 220 F g-1.49 
 
The electrochemical properties of crumpled graphene rely on the curvature of crumpled 
graphene. A substrate regulation method can control the wrinkles. In that method, the curvature 
was controlled by substrate surface roughness or the interfacial bonding energy of graphene 
and substrate.50 Feng and co-workers50 in situ fabricated crumpled graphene started with GO 
using C3N4 polymer coating as a template. The as-prepared crumpled N-doped graphene 
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displayed a high capacitance of 302 F g-1 at 5 mV s-1. Highly wrinkled structures and high pore 
volume both contributed to the high capacitance. Zang et al.51 folded and unfolded crumpled 
graphene films by the means of adjusting the mechanical stabilities of graphene on a polymer 
substrate. 
 
Apart from above mentioned crumpled graphene, there is another form called crumpled 
graphene ball. Its advantages include high surface area, high free volume and high compressive 
strength.52 Crumpled graphene balls can be synthesised by capillary compression, and ultrahigh 
energy density (85.6 Wh kg-1) can be obtained as an electrode for SCs.53 Even though crumpled 
graphene owns the high gravimetric capacitance but the volumetric capacitance is rather 
limited, which requires design desired nanostructure. 
 
2.2.2 Holey graphene 
Holey graphene, numerous nanopores in the nanosheets, sometimes also is called “graphene 
nanomesh” (GNM)54 has been considered to achieve improved volumetric performance.55 The 
in-plane nanopores equipped GNM with excellent ion penetrability.56 Creating nanopores can 
effectively increase the surface area as well. Chemical etching and template method are two 
main ways to develop well-controlled holey graphene. 
 
Chemical etching is one popular approach to realize pores creation. KOH activation is the 
easiest protocol on a large scale compared with HNO3 activation and catalytic oxidation. In 
work of Zhu et al.,40 an activated microwave exfoliated graphene oxide (α-MEGO) achieved a 
high capacitance of 166 F g-1 benefiting from the ultra-high surface area up to 3100 m2·g-1 plus 
a large volume of micropores. The porous graphene took advantage of the continuous curved 
3D network and atomic thick graphene wall, getting micropore channels shortened, thus 
enhancement of rate retention and cycle stability (Figure 2.5).57 
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Figure 2.5 (A) Schematic showing the microwave exfoliation/reduction of GO and the 
following chemical activation of MEGO with KOH (B) Low-magnification SEM image of a 3D 
α-MEGO piece. (C) High-resolution SEM image of a different sample region (D) ADF-STEM 
image of the same area as (C) (E) High-resolution phase contrast electron micrograph of the 
thin edge of a α-MEGO chunk. (F) Exit wave reconstructed an HR-TEM image from the edge 
of α-MEGO.57 
 
GNM growth on the inorganic template can realize its scalable fabrication. The key to this 
approach lies in the choice of suitable template. Suitable template is helpful to construct the 
macroscopic morphology and tailor the pore density. For example, GNM was grown on the 
polygonal porous MgO plates by Lei and coworkers.58 The nanoscale pore consists of small 
mesopores of 4-8 nm, large mesopores of 10-20 nm and macropores of 100-200 nm in diameter. 
The pore volume is 2.81 cm3 g-1, and the specific surface area is 1754 m2 g-1. The specific 
capacitance of 303 F·g-1 at a current density of 0.5 A g-1 as obtained. 
 
2.2.3 Graphene foam 
Graphene foam is a 3D macroscopic architecture. Normally, self-assembly of graphene 
nanosheets or chemical vapor deposition method can build up this architecture. Tailoring the 
3D carbon network so as to optimize the ion accessibility.59 Most importantly, the individual 
graphene sheet will not aggregate together. Template-directed CVD method, hydrothermal 
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method, and chemical reduction method are three main techniques to realize this highly porous 
nanostructure. 
 
Template CVD method outweighs the other two methods on the structure stability and high 
electrical conductivity. In work of Chen et al.,60 graphene foam resembles the macroscopic 
morphology of the sacrificial scaffold–commercial nickel foam using CVD method. The as-
obtained graphene foam is highly porous (up to ~850 m2 g-1) and 3D interconnected, thus high 
electrochemically conductive and mechanically robust, as shown in Figure 2.6. 
 
 
Figure 2.6 Fabrication of the graphene foam and its integration with PDMS. (a and b) CVD 
growth of the graphene film with nickel foam as a 3D scaffold template. (c) An as-grown 
graphene film after coating a thin PMMA supporting layer (Ni–G–PMMA). (d) A graphene 
foam coated with PMMA (GF-PMMA) after etching the nickel foam with hot HCl or FeCl3/HCl 
solution. (e) A free-standing graphene foam after dissolving the PMMA layer with acetone. (f) 
A graphene foam/PDMS composite after infiltration of PDMS into a graphene foam. (g) A 
photograph of a free-standing graphene foam with a size of 170 × 220 mm2. (h) SEM image of 
the graphene foam.60 
 
The hydrothermal reaction can be used to prepare macroscopic architecture. In 2010, Shi and 
coworkers firstly using hydrothermal method confirmed that the RGO hydrogel as the electrode 
exhibits a high specific capacitance of 152 F g-1.61 Subsequently, the value got improved to 220 
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F g-1. Moreover, even discharge rate raised to 100 A·g-1, the capacitance retains 74% of that 
measured at a current density of 1 A g-1.62 Bi et al.63 developed a scalable pH-mediated 
hydrothermal reduction method to synthesize various shapes of isotropic graphene 
macrostructures. It is noted that GO was partially reduced thus some remaining oxygen-
containing groups may decrease its electrochemical performance. 
 
Chemical reduction method utilizes the oxygen-containing groups on GO sheets, which can 
react with reduction reagents. The reduction agents range from chemical reductant (hydrazine 
monohydrate), Na2S, HI and hydroquinone, polymer (resorcinol-formaldehyde RF) to the l-
ascorbic (Vitamin C) acid.64, 65 
 
2.2.4 Heteroatom doped graphene 
Above mentioned studies are focusing on the nanostructure construction relying on the unit of 
graphene sheets. There is another way to design graphene network favorably for electrode 
applications. Inducing heteroatom (mainly Nitrogen, Boron, Phosphorus) can tailor the 
electronic properties of doped graphene. Heteroatom influences the charge distribution thus 
activation region was introduced.66 Heteroatoms can facilitate the transport channels for the 
electrolyte ions by improving the wettability of the surface of carbon pores,67 and affect the 
behavior of the carbon layer as an electron donor or acceptor. 
 
Nitrogen is the most popular heteroatom to be doped with graphene stepping from the inherent 
nature of nitrogen atom itself, that is, extra valence electrons. The nitrogen doping usually 
exists in three bonds in the carbon lattice as shown in Figure 2.7,68 including pyridinic N, 
pyrrolic N, and quaternary N. Pyridinic N means the N atoms bonding with two C atoms at the 
edges or defects of graphene lattice and contributing one p electron to the π system. Pyrrolic N 
means the N atoms bonding into the five-membered ring and contributing two p electrons to 
the π system. Quaternary N means the N atoms substituting C atoms in the hexagonal ring.69, 
70 To improve the performance of N-doped graphene, a high content of desired N-species is 
always expected. 
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Figure 2.7 Nitrogen atoms in N-doped graphene.68 
 
Post-treatment routine is the most common nitrogen doping method nowadays. There are 
usually two ways: one is direct heat treatment of the mixture containing nitrogen-containing 
precursors. The other one is functionalization of graphene using nitrogen-containing 
compounds. For both of them, the doped nitrogen content, nitrogen atom species, and specific 
surface area all relies on the parameters such as thermal treatment time and temperature. 
Normally, the nitrogen content decreases when the temperature increases. The longer heating 
time in the same temperature range, the higher nitrogen content.71 Apart from the heating 
temperature, the nitrogen precursor is rather crucial. 
 
Phosphorus belongs to the same period with nitrogen in the periodic table, as the same number 
of valence electrons. However, phosphorus has a larger size than nitrogen. Therefore, P-doping 
can transform sp2-hybridized carbons to sp3 states resulting in more defect induced active 
surfaces.72 It is noted that P-doped graphene can survive at a wide potential range as electrode 
materials for SCs.73 Similarly, boron has been chosen as another doping component, as boron 
works as a p-type dopant forming the sp2 hybridizations in the carbon matrix.74 Dopants and 
synthesis methods play an important role in doping contents thus further influencing the 
electrochemical properties of heteroatom doped graphene. However, the mechanism is not 
quite clear and further study is still required. 
 
Table 2.1 summarizes some of the graphite-derived materials as electrode materials reported 
in the literature. Various morphologies and forms were prepared, such as foams, hydrogel, film, 
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paper, nanofiber, nanomesh, quantum dots, particles, etc. With doping heteroatom on the 
graphene network, the capacitance was improved. Nevertheless, the specific capacitance is far 
behind theoretical value (550 F g-1). Another point needs to be noted is the widely used 
electrolyte is an aqueous one, such as 6M KOH and 1M H2SO4. The cell voltage is usually 
limited to less than 1 V. Therefore, enhancement of specific capacitance is urgently required 
for eventually fostering the energy the whole cell can deliver. 
 
Table 2.1 Summary of graphite-derived electrode materials reported in the literature. 
Materials 
Highest capacitance 
(F·g-1) 
Electrolyte Ref Year 
Folded structured graphene paper 172 at 1 A g-1 1M H2SO4 
75 2012 
3D graphene foams 226 at 1 mV s-1 1M H2SO4 
76 2012 
Hydrazine hydrate reduced 
graphene nanosheets 
192 at 0.1 A g-1 6M KOH 77 2012 
Thermally RGO nanosheets 167 at 1 A g-1 6M KOH 78 2012 
Thermally RGO 260.5 at 0.4 A g-1 6M KOH 79 2012 
Flame-induced RGO paper 212 at 1 A g-1 2M KOH 80 2013 
Functionalized graphene hydrogel 441 at 1 A g-1 1M H2SO4 
81 2013 
Chemical activated GO crumpled 
particles 
173 at 2.1 A g-1 EMIMTFSI/AN 82 2013 
Graphene quantum dots (GQDs) 
534.7 uF cm-2 at 
15 uA cm-2 
0.5M NaSO4 83 2013 
Gelation of RGO 
33.8 mF cm-2 at 
mA cm-2 
1M H2SO4 
84 2013 
Crumpled graphene balls 150 at 0.1 A g-1 5M KOH 85 2013 
Liquid-mediated integration of 
chemically RGO films 
255 F cm-3 at 0.1 A g-1 1M H2SO4 
28 2013 
Incompletely RGO 220 at 5 mV s-1 6M KOH 4 2014 
Holey graphene aerogel 310 at 1 A g-1 6M KOH 86 2014 
Mesoporous graphene nanofibers 193 at 0.5 A g-1 EMIMBF4 
87 2014 
GNM 303 at 0.5 A g-1 6M KOH 58 2014 
Functionalized graphene sheets 456 at 0.5 A g-1 6M KOH 88 2014 
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Holey graphene frameworks 298 at 1 A g-1 EMIMBF4/AN 
86 2014 
RGO hydrogel 169 at 1.5 A g-1 6M KOH 89 2015 
Crumpled graphene balls 396 at 0.5 A g-1 6M KOH 90 2015 
Reduced graphene oxide 274 at 1 A g-1 1M H2SO4 
91 2017 
N-rich graphene 227 at 1 A g-1 6M NaOH 92 2013 
N-rich graphene 205 at 1 A g-1 6M KOH 93 2014 
N-rich graphene 335 at 0.1 A g-1 6M KOH 94 2015 
N doped graphene 321 at 0.1 A g-1 6M KOH 95 2017 
B doped graphene 200 at 0.1 A g-1 6M KOH 96 2013 
P doped graphene 367 at 0.1 A g-1 1M H2SO4 
97 2012 
 
As discussed above, enhancement of the graphite-derived materials capacitance can be realized 
either by increasing the specific surface area (crumpled graphene, graphene foam, graphene 
nanomesh) or doping of heteroatom (N, P, B doped graphene). Moreover, introducing 
electrocapacitive materials could be achievable. For example, adding pseudocapacitive 
materials (metal oxides or conducting polymers), intercalation of nano spacers (e g. CNT). The 
desired composite materials are expected to exhibit good electrochemical performance as 
electrode materials. 
 
2.3 Graphite-based composite electrode materials 
The ideal structure feature as an excellent electrode material should be redox-active material 
deposited on the porous interconnected framework backbone with high electronic conductivity 
and a solid or self-supported electrode structure.98 The desired composite electrode materials 
containing carbon and other electrocapacitive materials can utilise the merits and alleviate the 
shortcomings of each component. 
 
2.3.1 Metal oxide/graphite composites 
In metal oxide/graphite composites, metal oxide particles can repress the restacking of 
graphene nanosheets and offer pseudocapacitance. Meantime, graphene as supporting 
materials can cover the shortage of poor conductivity of metal oxides and maximize the 
electrochemically accessible area between electrode and electrolyte. The resulting integrated 
nanostructures take advantage of excellent charge transfer, and stable structure during the 
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charge-discharge process, thus induce improved electrochemical properties. Synergetic effects 
of graphene and metal oxides are one important part of the structure-property relationships.99 
 
Several important structural models of graphene-metal oxide hybrids are presented in Figure 
2.8. Control over the structure is rather important as desired nanostructures serve for the fast 
diffusion of electrolyte ions, and morphology provides the easy access to redox sites. In 
practice, the choice of metal oxides should consider two important factors. One is the 
theoretical capacitance value, the other one is the processing ability. 
 
 
Figure 2.8 Schematic illustration to the structural models of graphene/metal oxide hybrids:(a) 
anchored model, (b) wrapped model, (c) encapsulated model, (d) sandwich-like model, (e) 
layered model, and (f) mixed model, Red particles stand for metal oxide particles while blue 
sheets or lines stand for graphene sheets.26, 100 
 
2.3.1.1 Manganese oxide/graphite-derived composites 
Strictly speaking, RuO2 is the most suitable pseudocapacitive metal oxide owing to its wide 
potential window, high metallic conductivity, and highly reversible redox reaction. Mishra et 
al.101 combined RuO2, TiO2, and Fe3O4 with graphene nanosheets via a simple chemical routine. 
The RuO2/graphene composites exhibited a highest capacitance of 220 F·g
-1 at 10 A·g-1 among 
three samples. That can be attributed to the intrinsic electrochemical properties of RuO2. 
However, the high cost hinders its wide application as electrode materials.102 
 
Manganese oxides (MnOx) balance the cost and the performance thus take the place of RuO2, 
especially MnO2 (theoretical specific capacitance is about 1380 F g
-1).103 MnO2, as one of the 
most stable manganese oxides, possesses excellent physical and chemical properties under 
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ambient conditions.104 The critical issues are the introduction of nanosized MnO2 onto a matrix, 
enabling full utilization of MnO2. and an interconnected 3D porous network structure that 
ensures fast electronic and ionic conduction through the electrode. MnO2 properties depend on 
the crystallinity, crystal structure, and morphology. Nanostructured MnO2, such as 
nanoneedle,105 nanorods,106 and nanowires107 showed high capacitance comparing to the bulk 
manganese oxides due to their high specific area. 
 
MnO2 stores charge on account of the surface adsorption of electrolyte cations (K
+, Na+…) 
along with proton incorporation as follows:108 
MnO2+ xC
++y H++(x+y) e- ↔ MnOOCxHy. 
C+: K
+, Na+… 
A CV of a single MnO2 electrode in the mild aqueous electrolyte is shown in Figure 2.9. The 
CV curves shape is close to EDLC distinguishing it from other metal oxides. It was caused by 
the nature of the fast, reversible continuous surface redox reactions.108 
 
 
Figure 2.9 Cyclic voltammetry. This schematic of cyclic voltammetry for a MnO2 electrode cell 
in a 0.1M K2SO4 shows the successive multiple surface redox reactions leading to the pseudo-
capacitive charge storage mechanism. The red part is related to the oxidation of Mn (Ⅲ) to 
Mn (Ⅳ), and the blue part refers to the reduction of Mn (Ⅳ) to Mn (Ⅲ).108 
 
In the work of Chen et al.,105 MnO2 nanoneedles are deposited onto the graphene oxide sheets. 
As-prepared MnO2-doped graphene material exhibited a capacitance of around 198 F g
-1 at a 
current density of 0.2 A g-1, and possessed good stability with 84.1% of the initial capacitance 
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retained over 1000 cycles in 1M Na2SO4 electrolyte. Mn
2+ favorably bonds with the O atoms 
of the negatively charged oxygen-containing groups on GO sheets via an electrostatic force. 
The redox reaction occurring between Mn7+and Mn2+ provide an opportunity for a significant 
number of nuclei formed. After that, intermolecular hydrogen bond or a covalent coordination 
bond may promote the bonds between the Mn atoms of the MnO6 octahedron. 
 
Yan et al.109 fabricated a graphene/MnO2 composite by the means of the self-limiting 
deposition of nanoscale MnO2 on the surface of graphene. The hybrid material showed 
excellent electrochemical behavior. Compared with pure graphene (104 F g-1) and birnessite-
type MnO2 (103 F g
-1), such composite exhibited a higher capacitance (310 F g-1 at 2 mV s-1). 
Its capacitance retention is 95.4% over 15000 cycles. Such good electrochemical performance 
is attributed to the improved effective area between the electrolyte and MnO2, promoted 
electrode conductivity, and the promoted contact area between graphene and MnO2 
 
Mn3O4 is also chosen for preparing composites even though its conductivity is low (10
-7~10-8 
S cm-1).110 Mn3O4 nanorods were well dispersed on graphene sheets using a hydrothermal 
process.111 The composites exhibit fast charge-discharge and higher capacitance than free 
Mn3O4 nanorods. The excellent cycle stability is no fading after 10000 cycles at a current 
density of 5 A g-1. 
 
The porous Mn3O4-graphene nanocomposite prepared via a solution-based approach showed 
improved electrochemical performance.112 A specific capacitance of 236.7 F g-1 at a current 
density of 1 A g-1 in aqueous electrolyte benefits from the intimate combination of the 
conductive graphene network with uniformly dispersed porous Mn3O4 nanocrystals. 
 
The various oxidation states of manganese affect the SCs performance. For example, the Mn3+ 
state in the MnO6 octahedron showed poor electrochemical performance. In that case, the 
choice of manganese valence state is rather crucial as well as well as the experimental 
conditions. 
 
2.3.1.2 Nickel oxide/graphite-derived composites 
Nickel oxide is also one of the most promising pseudo-capacitive materials for high-
performance SCs given its high theoretical capacitance (2584 F g-1).113 However, similar to 
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manganese oxides, nickel oxide often suffers from high resistance, resulting in their restricted 
performance in cycling and energy density. Therefore, the combination of the conductive 
substrate (graphene) and nickel oxide is a good way to prepare hybrid nanostructure. In practice, 
similar to MnOx, the morphology and synthesis method have a significant effect on the 
composites’ performance. 
 
Cheng and coworkers114 started with GO, then fabricated graphene nanosheets/nickel oxide 
sandwich structure using evaporation followed by the thermal treatment. The strain buffer 
formed apparently reduced the powder aggregation during charge-discharge process. The 
capacitance was 220 F g-1 at a current density of 0.1 A g-1 and without attenuation with cycling 
to 1000 cycles. 
 
In Feng et al.’s work,115 flower-like and polyhedral graphene/NiO composites were prepared 
by controlling the freeze-drying process in the synthesis of GO. The as-prepared flower-like 
composite exhibits 500 F g-1 at a scan rate of 5 mV s-1 in 1M KOH electrolyte while polyhedral 
graphene/NiO showed a lower capacitance. However, in term of long-term cycle life, the latter 
beat the former. These results proved that electrochemical properties of graphene/NiO 
composites rely on the morphology of NiO. 
 
Similarly, Li et al.116 reported another NiO/RGO composite. In that study, with the aid of 
hydrogen, the desired 3D flower-like hierarchical structure of composite was fabricated. It 
shows a capacitance of 428 F g-1 at a current density of 0.38 A g-1. Moreover, 90% of its initial 
capacitance after 5000 cycles was retained. 
 
The nanowire of NiO/RGO composite was prepared via a one-pot sol-gel method.117 Rough 
surfaced NiO nanowires were homogeneously deposited onto graphene sheets. The composite 
delivered a high capacitance 628 F g-1 at a current density of 1 A g-1, good cycle stability (82.4% 
remained after 3000 cycles). Improved charge transport and more favorable ions diffusion 
benefits from the elastic conductive channels of graphene. 
 
Not only the morphology of NiO but also the substrate morphology affect the electrochemical 
performance. In the work of Wang et al.,118 microwave plasma enhanced CVD was employed 
to prepare NiO nanoflakes on 3D graphene. The NiO/3D RGO composites exhibited an 
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excellent capacitance of 1829 F g-1 at a current density of 3 A g-1 when applied as monolithic 
electrodes in a binder-free and current collector configuration. 
 
Another good example is the 3D NiO/ultra-thin derived graphene (UDG)/nickel foam (NF) 
composite.119 The UDG-NF scaffold provided a highly conductive interconnected network and 
the electron transport between NiO and this scaffold was efficiently facilitated. The capacitance 
of such composite reached 425 F g-1 at a current density of 2 A g-1 and capacitance retention 
after 500 cycles reached 90%. 
 
Apart from nickel oxide, nickel hydroxide enables the as-fabricated SCs to own extremely high 
capacitance. It is noteworthy that α and β phases are the two polymorphs Ni(OH)2.120 The 
former has a higher theoretical capacitance than that of the latter. The transformation between 
these forms occurs quickly and easily in a basic condition. The reaction details of Ni (OH)2 in 
a KOH electrolyte are given: 
 
Dai’s group obtained well β-Ni(OH)2/GS via a hydrolysis plus hydrothermal treatment.121 The 
as obtained Ni(OH)2 nanoparticle-decorated GO exhibited a large capacitance of 1335 F g
-1 
and good cycling performance (no noticeable decrease over 2000 cycles).121 The redox couple 
Ni2+/Ni3+ is typically described by the following well-accepted reaction:122 
Ni(OH)2+OH
-→NiOOH+H2O+e- 
In the Xie et al. work, self-assembly techniques were applied to prepare β-Ni(OH)2-graphene 
nanocomposites. The unique structure gives rise to the excellent electrochemical performance. 
The highest specific capacitance can reach 660.8 F cm-3 and negligible degradation after 2000 
charge-discharge cycles. The key point lies in the Ni concentration caused the different 
electrostatic attraction.123 Low concentration of Ni2+ maintains the electrostatic attraction 
between oppositely charged layers while a high concentration of Ni2+ makes the attracted 
change to repulsion between layers. Only in a low concentration of Ni2+, the layer by layer self-
assembly was achieved. 
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Not only nanoparticles but also the nanosheets can be anchored on graphene. Fan and co-
workers reported Ni(OH)2 nanosheets anchored on graphene via the chemical precipitation.
124 
The distribution of hierarchical porous Ni(OH)2 nanosheet was homogeneous. The composite 
has a capacitance of 2194 F g-1 at 2 mV s-1 in aqueous solution and 4.3% of its initial 
capacitance loss after 2000 cycles. 
 
The nanostructures and electrochemical properties of graphene-MnOx and graphene-NiO 
composites in the literature are summarized in Table 2.2. It is clear that the morphology of 
metal oxides has an effect on the specific capacitance as well as cycling stability. The 
NiO/graphene composite provide higher capacitance compared with MnOx/graphene 
composites in this table. The capacitance obtained showing the metal oxides composited with 
graphene potential as high-performance electrode materials for SCs. 
 
Table 2.2 Examples of nanostructures and electrochemical properties of graphene-MnOx and 
graphene- NiO composites 
Materials 
capacitance 
(F·g-1) 
cycle stability 
%/NO. cycles 
morphology references 
Mn3O4/graphene 121, at 0.5 A g
-1 100/10000 nanorods 111 
Mn3O4/graphene 131, 0.5 A g
-1 99/500 nanocubes 103 
Mn3O4/graphene 236.7, 1 A g
-1 93.28/1000 20~40nm particles 112 
MnO2/graphene 218, 5 mV s
-1 94/1000 nanorods 125 
MnO2/graphene 210, 0.5 A g
-1 82.4/1000 
honeycomb 
nanospheres 
126 
MnO2/graphene 267, 0.2 A g
-1 92/7000 nanosheets 127 
MnO2/graphene 310, 2 mV s
-1 88/15000 5~10 nm particles 109 
NiO/graphene 425, 2 A g-1 79/2000 3D nanoflake 128 
NiO/graphene 628, 1 A g-1 82.4/3000 mesoporous nanowire 117 
NiO/graphene 525, 0.2 A g-1 95.4/1000 5-7 nm particles 129 
NiO/graphene 1897.1, 1 A g-1 94/1500 porous 130 
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2.3.1.3 Other metal oxides/graphite-derived composites 
In addition to manganese oxides and nickel oxide, some research has studied the composites 
of graphene with RuO2,
102 ZnO,131 Co3O4,
132 V2O5,
133 Fe2O3,
134 and others. Moreover, there is 
some investigation of binary and tertiary metal oxides/graphene composites. For the binary 
metal oxides/graphene composites, the key is the uniform fabrication from metal precursors. 
Ni/Mn and Ni/Al, Ni/Co are typically chosen as the composition of binary or tertiary 
components.135 Even though the study of binary and tertiary metal oxide/graphene is rare, the 
investigation is still in urgent need for contributing high-performance electrode materials. 
 
2.3.2 Carbon nanotube/graphite composite electrode materials 
Considering the characteristics of CNT, it is highly desirable to combine graphite-derived 
materials and elaborate CNT to achieve certain exciting functions. Most importantly, such 
combination optimizes the electrolyte transport paths without sacrificing electron transport 
(Figure 2.10). 
 
 
Figure 2.10 Comparison of different carbon materials as electrodes of SCs. (a) Activated 
carbon. (b) Single-walled carbon nanotube (SWCNT) bundles. (c)Pristine graphene. (d) 
Graphene/CNT composite.136 
 
Typically, graphene-CNT hybrid nanostructures are classified into two main categories: 
graphene-rich and CNT-rich.137 Graphene-rich type beat the former since the well-structured 
3D network benefiting from the electron and electrolyte ions transportation.137 Besides, the 
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CNT play the role as a pillar which prevents the restacking of graphene nanosheets, providing 
a more accessible area for electrolyte ions. According to the difference in the design routine 
and specific protocol with the investigation depth increased, currently, there are mainly three 
strategies to synthesize graphene/CNT composites. The first one is simply physically blending 
CNT and RGO.138, 139 Here, CNT merely functions as the conductive additive. The second one 
is the combination or modification of either or both of graphene and CNT. In detail, modified 
of CNT and/or graphene were linked together through hydrothermal treatment or 
electrophoretic deposition. For example, self-assembly of oppositely charged reduced 
graphene oxide and CNT was reported.140 CTAB functionalized single-walled CNT was 
bonding with GO based on the electrostatic self-assembly utilizing the negatively charged 
properties of GO. The capacitance was 199 F g-1 at a current density of 0.5 A g-1. A capacitance 
retention of 98.2% was observed after 10000 cycles at a current density of 10 A g-1.141 The 
excellent cycling stability can be attributed to the stability of well-supported nanostructure. 
The third one is the CNT growth on the substrate of graphene (or GO). In situ growth by CVD 
is the most conventional method to realize this nanohybrid structure.142 
 
A sandwich structure where CNT play the role of a pillar achieved by CVD process was 
reported by Wei and coworkers.143 The capacitance could reach 385 F·g-1 when tested in 6M 
KOH at the scan rate of 10 mV s-1. There are three points to be addressed here, firstly, GO was 
chosen as the support of CNT growth, relies on the wettability. Secondly, GO has the highest 
surface energy (62.1 mJ m-2) as compared with graphene (46.7 mJ m-2) and graphite (54.8 mJ 
m-2). Lastly, the graphene oxide based/CNT structure can be easily reduced into graphene-
based/CNT nanostructure. 
 
Unlike using GO flake support, GO foam which is porous structure, and seamlessly connected 
flakes inside is also an ideal scaffold for the CNT growth. With the aid of freeze-drying, 3D 
structure GO was prepared. The following CVD process completed the CNT growth and GO 
reduction in one-step, and finally, RGO foam/CNT composite was obtained.144 
 
Tour and coworkers realized the graphene-CNT carpets directly and intimately grown on the 
nickel current collectors enhancing the interfacial electrical conduction.145 The as-fabricated 
supercapacitor showed up to 2.16 mF cm-2 in aqueous electrolytes and 3.93 mF cm-2 in ionic 
liquids. Coincidentally, the controllable growth of 3D CNT-graphene seamlessly on the nickel 
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foam was also studied. In that study, graphene layers perform as a linker bridging the CNT and 
nickel foam so as to offer better CNT-metal-electrode contact, and the higher surface-area-
utilization efficiency of bulk metals. Most importantly, interfacial resistance was dramatically 
reduced, in favor of charge mobility. The capacitance reached100 F g-1 at a current density of 
1 A g-1.146 
 
Not limited to nickel foam as graphene growth substrate in the first stage of preparation, 
FeMgAl layered double hydroxide performed as the sacrificial substrate for graphene 
deposition (Figure 2.11). In addition, Fe generated during this process can serve as the catalyst 
for CNT growth. The advantage of this routine is the promoted electrochemical conductivity 
of 3130 S cm-1. 
 
Figure 2.11 (a) Schematic illustration of the preparation of G/SWCNT materials on LDH flakes 
using the CVD method. (b) SEM and (c) TEM images of the as-grown G/SWCNT/LDO hybrids. 
(d and e) SEM images of the as-fabricated G/SWCNT hybrids.147 
 
Another good example is the flexible SCs based on the hybrid graphene-carbon nanotube (G-
CNT) layer on the carbon fiber surface of carbon cloth.148 The G-CNT composite exhibited a 
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capacitance of 151 F g-1 at a current density of 1 A g-1 and 99.1% of its initial capacitance was 
retained after 2000 cycles at a current density of 2 A g-1. 
 
In addition to above mentioned, there are still some functional materials introduced into 
graphene/CNT composites. For example, heteroatom doping,149 metal oxide deposition.150, 151 
3D N-doped graphene-CNT networks was prepared by adding pyrrole as a nitrogen source 
during the hydrothermal treatment. The capacitance reached 180 F g-1 at a current density of 
0.5 A g-1 and 4% loss of the initial capacitance over 3000 cycles.149 
 
Liu et al.152 reported a porous N-doped graphene-CNT hybrid paper. Polystyrene spheres/PANI 
suspension mixed with GO-CNT suspension under ultrasonication. Afterward, the mixed 
suspension was vacuum filtered through a PVDF membrane followed by a calcination in 
nitrogen gas atmosphere. The as-obtained paper showed a high capacitance of 294 F g-1 at a 
current density of 1 A g-1. 
 
CNT, reduced graphene oxide and nickel hydroxide was hybridised through CVD process by 
Zhang et al..142 In that study, the CNT growth between the nanosheets of reduced graphene 
affected the charge of RGO and at the same time, the catalyst was electrodeposited to Ni (OH)2 
providing the pseudocapacitance. (Figure 2.12) The hybrid electrode delivered a capacitance 
of 1235 F g-1 at a current density of 1 A g-1 in an aqueous electrolyte. 
 
 
Figure 2.12 Schematic illustration of the experimental steps for the preparation of Ni(OH)2 
embedded-carbon-nanotube-graphene composite.142 
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2.3.3 Carbon/graphite composite electrode materials 
Carbon black (CB) usually is used as the conductive additive. It is reported that the mixture of 
CB and GO dispersion went through vacuum filtration and further reduce GO to RGO.153, 154 
However, this simple method generated a moderate capacitive performance153. Compared with 
the above-mentioned example, Guo et al.155 prepared a carbon-GO composite based on self-
assembly technique. Carbon spheres were modified by the cationic polyelectrolyte poly 
diallyldimethylammonimchloride while GO was negatively charged. Both of them interact 
electrostatically with each other. The specific capacitance improved by 1.7 times compared 
with a pristine RGO electrode. 
 
Template carbon, different from the above mentioned non-porous carbon, which has the 
advantages such as high porosity, low diffusion distance, and good electrical conductivity,156 
is considered suitable hybrid candidate. Hard template method and soft template methods are 
common ones to prepare template carbon. The mesoporous silica directly synthesized on the 
GO surface has can work as the sacrificial template to synthesise mesoporous carbon 
hybrids.157 The soft template beat hard template regarding the simplicity of the procedure, such 
as the use of triblock copolymer F127.157 
 
Currently, the commercial electrode material for SCs is activated carbon (AC). Considering its 
electrically conductive, porous and electrochemically active property, Activated carbon can be 
an ideal hybrid component with graphite-derived materials. Activated carbon is a summary of 
carbon with abundant pores and large surface area. The physiochemical properties have a large 
impact for the graphene-AC hybrids. In detail, the carbon precursor, such as biomass, polymer 
and experimental condition are rather crucial.158 In the work of Chen et al.,159 biomass and a 
phenolic resin were chosen and employed to make a 3D composite with in defected or wrinkled 
single layer sheets in the dimensional size of a few nanometers. The composite owned a high 
surface area of 3523 m2 g-1 and excellent bulk conductivity. The specific capacitance of such 
composite in ionic liquid electrolyte reached 231 F g-1. 
 
Cellulose, lignin, and xylan (hemicelluloses) are building blocks of biomass which is carbon 
precursor for AC.160 Cellulose have an appreciable carbon content, readily available; renewable 
can be rather suitable for the preparation of AC. In work of Khezami et al.,160 the comparisons 
on the AC produced from cellulose, lignin, and xylan were reported by two means, simple 
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pyrolysis in a nitrogen atmosphere and KOH activation, respectively. The surface area of 
cellulose was found to be the highest 394 m2·g-1 during simple N2 pyrolysis compared with 
that of xylan and lignin. That behavior may be attributed to the crystalline nature of cellulose 
while xylan and lignin have amorphous nature. Differently, in KOH activation samples, 
cellulose created a moderate surface area of 678 m2·g-1, less than xylan 925 m2·g-1 and higher 
than lignin 513 m2 g-1. Notably, the mesopore volume and diameter of cellulose were found to 
be the largest among three carbon precursors. 
 
One direct way to prepare graphene/cellulose composite was through solution mixing process. 
It is worthwhile to note that the cellulose powder can hardly be solved in water solution. 
Therefore, the suitable solution of cellulose was essential to search for. Zhang et al.161 found 
that cellulose has excellent solubility in the mixing solution of urea and NaOH. Afterward, this 
solution had been widely used in research of cellulose.162 The solubility of cellulose is the main 
problem as only urea mixed with NaOH can make it fully soluble. There is another way to 
address this problem, that is functionalization of cellulose when combined with GO or 
graphene. Luong et al.163 reported that amide modified cellulose was mixed with RGO. By 
adjusting the GO content, different nanocomposite was obtained. 10 wt% of graphene addition 
rendered a high electrical conductivity of 71.8 S m-1. 
 
Recently, cellulose paper has attracted much more research attention because of its flexibility. 
Weng et al.164 fabricated a graphene-cellulose paper (GCP) membrane which holds the merits 
of freestanding and binder-free electrodes for flexible SCs. In detail, it is a vacuum filtration 
process in which graphene nanosheets (GNS) solution stay on the cellulose paper as shown in 
Figure 2.13. This GCP electrode delivered a gravimetric capacitance of 120 F g-1 of graphene, 
and retains more than 99% capacitance over 5000 cycles. 
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Figure 2.13 (a) Schematic of the fabrication process of GCP membrane and (b) a photograph 
of a GCP membrane demonstrating its flexibility. 164 
 
Similarly, Kang et al.,165 prepared an electrochemically conductive composite paper which 
consists of graphene nanosheets and cellulose paper. The chemically synthesized GNS 
dispersed into a cellulose pulp. The following infiltration makes the GNS deposited on the 
cellulose fiber. A capacitance of 252 F g-1 at a current density of 1 A g-1 with respect to GNS 
was achieved when applied this composite as electrode for SCs. 
 
In above work, the GO solution suspension followed the simple filtration process. Recently, 
the whole process was further modified. In the work of Sevilla et al.,166 graphene aerogel was 
first reflux in H2O2 for further oxidation resulting in a large number of nanoholes. Furthermore, 
the vacuum filtration was carried out first through a tissue layer which was placed over a 
regenerated cellulose membrane. Finally, the graphene tissue composite was peeled off from 
the membrane. The remarkable capacitive performance of 60 cm-2 at 0.5 A cm-2 in sulfuric acid 
and 54 mF cm-2 at ca. 80 mA cm-2 with PVA-H2SO4 gel electrolyte was achieved. 
 
A cellulose nanofiber (CNF) -reduced graphene oxide hybrid composite by acidizing 
homogeneous solutions of CNFs, GO nanosheets and VC-Na with hydrochloric acid vapor was 
reported.167 Such composite achieved a capacitance of 207 F g-1 at 5 mV s-1 in H2SO4/PVA gel 
electrolyte. Utilizing cellulose or carbon fiber combined with graphene to fabricate flexible 
electrode materials or all solid SCs is causing much more attention.168 
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2.3.4 Conducting polymer/graphite composite electrode materials 
Conducting polymers (CPs) are considered to be a good second electrochemically active phases 
for enhancing the capacitance since the faradaic reactions occur on both the surface and the 
bulk of electrodes, which promote the energy density.169 The three most commonly 
investigated CPs include polyaniline (PANI), Polypyrrole (PPy) and poly (3, 4-
ethylenedioxythiophene) (PEDOT). The main reason is they are stable, cheap and high 
theoretical capacitance and can be scaled up. The ultimate SCs performance of CPs-graphene 
including specific capacitance, cycling stability, charge-discharge properties varies with 
intrinsic properties of individual CPs. 
 
All three CPs have cons and pros. PANI is the most popular conducting polymer owns the 
largest theoretical pseudocapacitance (approximately 2000 F g-1 in H2SO4)
170 owing to its 
multiple redox states. PPy is another attractive conducting polymer due to it can be prepared 
by the simple method and good conductivity and thermal stability. Generally speaking, PEDOT 
own the highest conductivity (up to 550 S cm-1),171 but its specific capacitance is normally the 
worst since the largest molecular mass. PPy ranks the worst regarding the cycling performance 
since the larger particles formed in the PPy film make it less porous than PANI or PEDOT. 
 
 
Figure 2.14 Ragone plot of graphene and CP composites SCs in the reports.172-178 
 
Till now, some research have shown the effective combination of CPs with graphene carbon 
skeleton. As shown in Figure 2.14, the energy density of CPs-graphite-derived materials has 
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improved compared with graphene materials. However, the shrinkage of the polymer during 
charge-discharge is the biggest problem resulting in the collapse of the nanostructure and 
decrease in capacitance. More work needs to be done to address this problem. 
 
2.4 Summary 
In this part, graphite-derived materials, as well as their composites with metal oxides, CNT, 
ACs and CPs as electrode materials for SCs, were reviewed. In those composite electrode 
materials, synergistic effects between the graphite and secondary component should be 
emphasized. The synergistic effects can be described as follows: (1) The 2D graphite-derived 
materials conduct as a conductive network thus enhancing the conductivity of whole electrodes. 
Furthermore, the graphite-derived materials can also be the center for nucleation of metal 
oxides, the skeleton support for CNT growth, or the bridge between the ACs. (2) Metal oxides 
can efficiently prevent the restacking of graphene nanosheets and contribute to 
pseudocapacitance. CNT promote the electrolyte transportation without the cost of electron 
conductivity and also act as a pillar for suppressing the aggregation of graphene nanosheets. 
ACs with a high specific surface area increase the effective contact area of electrolyte ions with 
electordes. Owing to the synergistic effects mentioned above, graphite-related composite 
materials have shown promising electrochemical performance as the electrodes for SCs 
through materials design and fabrication, such as improved specific capacitance, promoted 
long-term cycling stability, and improved rate capability. 
 
However, there are still some challenges. (1) The morphology control of graphene and the 
phase composition of metal oxides should be addressed which determine the electrocapacitive 
properties of the composite electrodes. (2) The choice of the second component in the 
composite is crucial for the whole electrochemical process especially the charge transfer 
process. The synthesis method should take the interface between graphene and the secondary 
component into consideration. A poor interface interaction results in a lowered rate capability 
and/or an unstable cycling performance. Therefore, simple dispersing relying on the physical 
mixing method is out of the date. Chemical reaction or modification is recommended to 
increase the interfacial interactions. (3) Developing lightweight and flexible electrode materials 
will broaden the application of SCs. The fabrication process would be investigated more. (4) 
The processing ability, cost, and scalability both included should be considered during the 
process of preparing graphite-derived hybrid composites. Currently, various fabrication 
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methods have been developed, but approaches for synthesising high-performance composites 
in a large scale with lower price are still required. 
 
This thesis aims to prepare composite electrode materials based on graphite-based materials. 
Combining graphite-derived materials with electrocapacitive materials might open up new 
ways to address the low energy density of SCs through the promotion in capacitance. 
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3.1 Chemicals and reagents 
A list of chemicals used in the preparation of composite electrode materials is presented in 
Table 3.1. All the chemicals were used without further purification. 
 
Table 3.1 Chemicals and reagents used to prepare composite electrode materials 
Name Company Purity or grade 
Graphite flakes Sigma-Aldrich AR 
Sodium nitrate (NaNO3) Merck AR 
Potassium permanganate (KMnO4) Merck AR 
Hydroxide peroxide (H2O2) Merck 30% 
Hydrochloric acid (HCl) Merck 37% 
Sulphuric acid (H2SO4) Merck 98 wt% 
Expandable graphite Asbury AR 
Nickel (II) acetylacetonate 
[Ni(acac)2] 
Sigma-Aldrich 95% 
Potassium hydroxide (KOH) Merck AR 
Acetonitrile (CH3CN) Sigma-Aldrich HPLC-GC 
Ammonia solution (NH3 H2O) EMSURE 28-30% 
Nickel nitrate Ni(NO3)2 Sigma-Aldrich 98% 
Sodium sulfate (Na2SO4) Sigma-Aldrich 98% 
poly vinyl alcohol (PVA) Sigma-Aldrich - 
 
Stainless mesh and nickel foam was purchased from purchased from Shenzhen Biyuan 
Electronic, Co. Ltd, China. 
 
3.2 Preparation of graphite and graphene oxides 
Graphite oxide was prepared using the modified Hummers’ method as described elsewhere.1 
Briefly, 5 g of graphite flakes and 2.5 g of NaNO3 were mixed in a 500 mL two-neck flask. 
Then 120 mL of 95 wt% H2SO4 was added. After the mixture was mechanically stirred for 30 
min in a water bath at 4 °C at the speed of 300 rpm, 15 g of KMnO4 was added under vigorous 
stirring. The rate of addition was controlled to keep the reaction temperature lower than 98 °C. 
After the mixture was under stirring overnight at 4 °C, 150 mL of deionized water (DI water) 
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was slowly added still under vigorous stirring. After the diluted suspension had been stirred for 
24 h, 50 mL of 30 wt% H2O2 was added to the mixture. Then, the suspension was centrifuged, 
washed with DI water to obtain graphite oxide. Graphene oxide (GO) suspension was obtained 
by ultrasonication of the graphite oxide suspension. 
 
3.3 Characterization of materials 
3.3.1 Scanning electron microscopy 
Scanning electron microscopy (SEM) measurements were performed on a JOEL 7001 scanning 
electron microscope at 10 kV. A sample was pasted on a conductive carbon tape, followed by 
a plasma treatment. The energy dispersive X-ray spectroscopy (EDS) technique on the SEM 
was also used to conduct the elemental content analysis. 
 
3.3.2 Transmission electron microscopy 
Transmission electron microscopy (TEM) images at different magnifications were collected on 
JEOL 1010 and a field–emission JEOL 2100 at an acceleration voltage of 200 kV. A sample 
was ultrasonication treated in ethanol and then placed on a holey copper grid. Energy dispersive 
X-ray spectroscopy (EDS) mapping was used on a carbon grid to conduct elemental mapping 
analysis. 
 
3.3.3 X-ray diffraction 
X-ray diffraction (XRD) measurements were performed on a Shimadzu diffractometer (XRD–
6000, Tokyo, Japan) operated in the reflection mode with Cu Kα radiation (λ=1.54056 Å) at a 
step size of 2° min-1 under a voltage of 40 kV and a current of 30 mA at angel range from 5 ~ 
80°. Small angle XRD were performed under the same condition except the step size of 0.02° 
min-1 at small angle range from 0.5 ~ 5°. 
 
3.3.4 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos Axis Ultra 
X-ray photoelectron spectrometer with a 165 mm hemispherical electron energy analyzer and 
monochromatic Al Kα (1486.6eV) radiation at 225 W (15kV, 15mA). The binding energies 
were calibrated using a C-C configuration in C1s excitation at a binding energy of 284.6 eV. 
48 
 
The quantitative analysis of XPS data was performed with a CasaXPS software after Shirley 
background subtraction. 
 
3.3.5 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was performed on a Shimadzu Simultaneous TGA/DTG 
analyzer DTG 60 AH under air or N2 at the flow rate of 100 mL min
-1 from room temperature 
to 800 °C with a heating rate of 5 °C min-1. 
 
3.3.6 Raman spectroscopy 
Raman spectra were collected on a Renishaw InVia Raman microscope using an argon ion 
laser source of 514 nm. The intensity ratio of D band (disorder) and G band (graphite in-plane 
vibration) was calculated by the intensities of the peaks. 
 
3.3.7 Atomic force microscopy 
Atomic force microscopy (AFM) measurements were performed with a Cypher S AFM 
(Oxford Instruments Company). The sample was dispersed in ethanol by 10 mins in an 
ultrasonic bath. Then the dispersion dropped on freshly cleaved mica surface and dried prior to 
analysis. 
 
3.3.8 Nitrogen sorption analyses 
The porous texture characterizations were conducted on a Micromeritics Tristar II 3020. The 
samples were degassed at 100 °C under vacuum for 12 h prior to the measurements of N2 
sorption at -196 °C at a relative pressure P/P0 of 0.00 to 0.99. The specific surface areas (SBET) 
were calculated using the Brunauer-Emmett-Teller method, and the total pore volumes (Vtotal) 
were estimated from the N2 volumes adsorbed at P/P0 = 0.99. The pore size distribution curves 
were derived from the density functional theory (DFT) model assuming a slit pore geometry. 
 
3.4 Electrode preparation and supercapacitor cell assembly 
Supercapacitor electrodes was prepared with three components: active materials, binders, and 
conductive additive. PTFE was chosen as the binder. Carbon black was used as the conductive 
additive. The electrode slurry was prepared by mixing 80 wt% active material, 10 wt% carbon 
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black, and 10 wt% PTFE. The mixture was compressed into a KOH-cleaned Ni foam support. 
The active materials mass varies in the following chapters. 
 
In this thesis project, two types of SC configurations were fabricated to test the 
electrocapacitive performance of the electrode materials: a three-electrode cell and a two-
electrode cell, as illustrated in Figure 3.1. The former consists of three electrodes, i.e. the 
working electrode, the counter electrode and the reference electrode. The working electrode is 
the electrode to be studied. A Hg/HgO electrode is used as the reference electrode in this thesis. 
The three-electrode system has the advantage that the observed behavior is characteristics of 
the electrode material.2 In this report, all specific capacitances are reported using the three-
electrode system unless otherwise described as a two-electrode cell. 
 
In a two-electrode symmetric system, the two electrodes connected in series, therefore, the 
capacitance of the system is given by: 
C2E=1/2C                                                                                                                           Eq. 3.1 
Moreover, the specific capacitance is given by: 
2
,2
1
2 4
E
s E
C C
C
m m
 
   
 
                                                                                                        Eq. 3.2 
Where,  
C2E is the capacitance of the two-electrode cell (in F) 
C is the capacitance of a single electrode (in F) 
C s, 2E is the specific capacitance of a two-electrode cell (in F g
-1) 
m stands for the mass of the active electrode material (in g) being studied. 
If C3E is the capacitance of the three electrode cell (in F), and Cs,3E is the capacitance of the 
three electrode cell (in F g-1), 
C3E=C                                                                                                                               Eq. 3.3 
And  
3
,3
E
s E
C C
C
m m
                                                                                                                 Eq. 3.4 
Therefore, the relationship of specific capacitance between the two-electrode system (Cs,2E) 
and the three-electrode system (Cs,3E) is: 
C s, 3E=4× Cs, 2E                                                                                                                                                                         Eq. 3.5 
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Figure 3.1 (a) The three-electrode cell3 and (b) the two-electrode cell configurations. 
 
3.5 Electrochemical measurements 
Cyclic voltammetry (CV), galvanostatic charge-discharge and electrochemical impedance 
spectroscopy (EIS) techniques were used for evaluating the electrochemical performance of 
the supercapacitor cells. The electrochemical measurements were performed on an Autolab 
PGSTAT 3020N workstation at room temperature and pressure. All supercapacitor cells were 
soaked in the electrolyte for 24 h before measurement. 
 
3.5.1 Cyclic voltammetry test 
The typical cyclic voltammetry characteristics of an ideal electric double layer capacitor with 
resistivity and redox reactions on carbon electrodes are shown in Figure 3.2.4 In general, the 
ideal electrostatic double layer capacitor (label 1) exhibits a rectangular cyclic voltammetry 
profile with current independent of cell voltage. However, the resistivity of capacitor causes 
the distortion of rectangular shape to parallelogram.5 Carbon electrodes with electrochemically 
active surface groups show current peaks associated with redox reactions, which contributes to 
the pseudocapacitance. 
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Figure 3.2 Typical charge/discharge voltammetry characteristics of an electrochemical 
capacitor.4 
 
The energy storage mechanism of SCs is based on EDLC and pseudocapacitance. There are 
three traditional models for EDL mechanism. In the early stage, Helmholtz postulated that the 
electrical double layers acts like a simple parallel plate capacitors. The ions (anions and cations) 
occupy a plane while the other plane has no net charge. However, this model is incomplete due 
to neglect of the mobility of the ions. Later on, Gouy and Chapman revised the EDL model by 
taking the mobility of ions into account, introducing a diffuse (Gouy-Chapman) double layer 
model. In this theory, the electrical potential distribution in this region decreases exponentially 
rather than linearly as in an electric capacitor. However, its key drawback is the consideration 
of ions as simple point charges. Ultimately, Stern combined the aforementioned two models 
into what is known as Gouy-Chapman-Stern Model.6 As we can see from Figure 3.3, there are 
two regions, Stern layer and a diffusion layer. Regarding the Stern layer, the inner Helmholtz 
plane (IHP) is described specifically adsorbed dehydrated ions. The outer Helmholtz plane 
(OHP), which is the place diffusion layer begins, has the closest approach of the hydrated 
counterions. 
 
As a result, the EDL behaviour can be regarded as a couple of series combination of the 
diffusion layer and inner layer capacitors. In that case, the capacitance Cdl can be calculated as 
follows:  
1 1 1
dl d lC C C
                                                                                                                  Eq. 3.6 
Where, 
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Cd is the diffuse layer capacitance 
Cl is the inner layer capacitance. 
 
 
Figure 3.3 Schematic of the electric double layer structure showing the arrangement of 
solvated anions and cations near an anode/electrolyte interface and the simulated 
computational domain consisting of a Stern layer and the diffuse layer.7,8 
 
Normally. the average capacitance from CV curves was calculated using Eq. 3.7: 
 dVVi
mvVmV
q
C
V
V



_
2
1
2
                                                                                                                             Eq. 3.7 
where, q is the total charge obtained by the integration of the positive and negative sweeps in 
a CV curve (in C), m is the mass of electrodes (in g), ᵥ is the scan rate (in V·s-1),   VVV
is the potential window (in V). 
 
3.5.2 Galvanostatic charge-discharge test 
Galvanostatic charge-discharge was tested at different current densities in the same potential 
window of CV test. The specific capacitance of the cell can be calculated by given equation 
3.8: 
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dt
dV
m
i
C 
                                                                                                                                                              Eq. 3.8 
where, i is the discharge current (in A), m is the total mass of the active materials (in g) 
V is the discharge potential range from IR drop (in V). 
Usually, dt
dV
is the slope of the discharge curve for EDLC. As for the pseudocapacitors, the 
discharge curve is not linear, so dt
dV
 can be calculated by: 
 
 12 tt
VV
dt
dV ft


                                                                                                                                                       Eq. 3.9 
where, tV  is the potential after IR drop (in V), fV is the final potential to be discharged (in V) 
2t  and 1t is the corresponding time (in s). 
 
3.5.3 Electrochemical impedance spectroscopy test 
EIS data is commonly analyzed by fitting it to an equivalent electrical circuit model. Resistors, 
capacitors, and inductors are the conventionally used as the circuit elements. The table 3.2 
displays the typical circuits’ elements, the equation for their current versus voltage relationship, 
and their impedance.9 
 
Table 3. 2 Common Electrical elements9 
Component Current Vs Voltage Impedance 
Resistor* E=IR Z=R 
Inductor** E=L di/dt Z=jωL 
Capacitor E=C dE/dt Z=1/jωC 
*The impedance of a resistor is independent of frequency and has no imaginary component. 
**Inductors have only an imaginary impedance component. 
 
Figure 3.4 represents the electrode region composing of a mixture of two phases that conduct 
different species, electronic and ionic, where the macroscopic boundaries are impermeable to 
different species.10 It is assumed that the pores are flooding with the electrolyte, and the ionic 
species inside the pore can be exchanged freely with the bulk solution at the pore’s mouth (x=0 
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in the scheme of Fig 3.4), and also that the electronic charge carrier in the solid phase can be 
withdrawn or injected freely at the contact with the substrate (x=L in Figure 3.4; L is the 
thickness of the electrode layer) Faradaic currents and polarisation may occur at the inner 
surface separating the two phases. The dashed line suggests the solid/liquid interface inside the 
pores. The equivalent circuit model represents a continuous branching as stated in the 
differential equations of the text. For the model to apply the actual geometry of the electrode 
need not be so regular as depicted in the scheme, but it is required that each phase be 
continuously connected along the whole electrode length L. Notice that the ZB box corresponds 
to the electrical properties of the electrolyte/substrate interface, although it is not drawn 
precisely at that point for convenience of representation.11 
 
 
Figure 3.4 Schematic representation of the inner region (0<x<L), porous electrode consisting 
of a porous film deposited on a conducting substrate.11 
 
The impedance of the transmission line shown in Figure 3.4 provided that the elements χ1, χ2 
and ξ are independent of position, when the shorthand notation Cλ=cosh (L/λ) and Sλ=sinh 
(L/λ) has been used. Here, χ1: impedance distributed in the liquid phase of the transmission line 
(Ω cm-1), χ2: impedance distributed in the liquid phase of the transmission line (Ω cm-1), ξ 
interfacial impedance of the transmission line (Ω cm). ZA: boundary impedance at the interface 
electrolyte | top of the pores (Ω), ZB: boundary impedance at the interface electrolyte | substrate 
(Ω). 
 
Z=
1
𝜒1+𝜒2
[λ(χ1+ χ2)Sλ+(ZA+ZB)Cλ+
1
𝜆(𝜒1+ 𝜒2)
ZAZB Sλ]
-1×{Lλχ1χ2(χ1+ χ2)Sλ+χ1[λχ1Sλ+ λχ2Cλ]ZA+ 
χ2[λχ2 Sλ+ λχ1Cλ]ZB +
1
𝜒1+ 𝜒2
×[2 χ1χ2+( χ12+ χ22)Cλ+
𝐿
𝜆
 χ1χ2Sλ]ZAZB}                                   Eq. 3.10 
According to Nyquist plots and convention of Figure 3.4, equivalent circuit model can be 
obtained to further analysis the details of electrochemistry process. 
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EIS was measured at OCP with an amplitude of 10 mV in the frequency range of 10-2-105 Hz. 
The specific capacitance of a cell is calculated from the imaginary part as follows: 
mfZ
C
''2
1


                                                                                                                                                          Eq. 3.11 
where, f is the frequency (in Hz), m is the total mass of the active materials (in g). 
 
It has been well documented that galvanostatic discharge is the most reliable and accurate 
method for evaluating the supercapacitance of electrodes compared to cyclic voltammetry and 
impedimetric methods, whereas, electrochemical impedance spectroscopy is the least reliable 
and accurate technique for determining the supercapacitive properties of materials.12 
 
There are Intrinsic limitations of impedance measurements in determining EDLC.13 The EIS 
overestimated the EDLC in dilute electrolyte solutions while underestimated it in concentrated 
electrolyte solutions. However, EIS possess the advantage of offering the possibility to 
calculate the capacitance as function of the frequency.14 
 
Therefore, as more reliable techniques, galvanostatic charge/discharge and cyclic voltammetry 
measurements should be preferred in determining the double layer capacitances as recommend 
in literature. Theoretically, the CV curves have to be rectangular, otherwise not suitable for 
capacitance analysis.15,16 In all, GCD method is the most preferred choice to calculate 
capacitance followed by CV and EIS. 
 
3.5.4 Ragone plot 
A Ragone plot provides the available energy of an energy storage device for constant active 
power request, and this figure is usually presented in a log-log plot (Figure 3.5). The power 
density and energy density of the systems were calculated by taking into account the reduced 
voltage (IR drop). The maximum energy density and power density for supercapacitors would 
be given by following equations: 
2
max
2
1
VCE T                                                                                                                                                           Eq. 3.12 
ESRR
V
P
4
2
max                                                                                                                     Eq. 3.13 
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where,  
V stands for the voltage after IR drop (in V) 
RESR is the equivalent series resistance (in ohm). 
In the above equations, Emax is in J g
-1, and Pmax is in W g
-1. The below equations usually were 
used in research to calculate the energy density (in Wh kg-1) and power density (in W kg-1).17, 
18 
6.3
5.0 2
max
VC
E T                                                                                                                                                     Eq. 3.14 
t
E
P maxmax
3600
                                                                                                                                                    Eq. 3.15 
 
Figure 3.5 A typical Ragone plot.19 
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Chapter 4 Graphite oxide/manganese oxide 
electrode materials for supercapacitors 
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4.1 Introduction 
Transition-metal oxides such as RuO2,
1 MnO2,
2 NiO,3 and Fe3O4
4 are promising 
electrode materials for advanced pseudocapacitors. Manganese oxides (MnOx), 
particularly MnO2, are among the most attractive pseudo electrode materials due to their 
low cost and environmental friendliness.5 Studies have shown that the electrocapacitive 
properties of MnOx depend on crystalline phase
6-8 and morphology.9, 10. As a result, a 
great deal of research efforts has been devoted to controlling the crystalline phase and 
morphology of MnOx.
11-14 
 
Among different phases, MnO2 is the most desirable one for pseudocapacitor 
applications.15 Both the crystalline phase and morphology of MnO2 are reported to affect 
the electrochemical performance. For example, Brousse et al.8 reported that an 
amorphous MnO2 electrode had a higher capacitance than two-dimensional (2D) 
birnessite and one-dimensional (1D) γ- and β-MnO2. On the other hand, the MnO2 
morphology will affect the number of active sites available for redox reactions, as well 
as transport kinetics of electrolyte ions.16 Nanostructured MnO2 (nanoneedles,
17 
naorods18, and nanowires19) has been reported to display improved electrocapacitive 
properties compared to the bulk counterparts. 
 
A drawback of MnO2 is its poor electrical conductivity, which leads to a low power 
density of MnO2-based electrochemical capacitors. To overcome this problem, MnO2 
has been dispersed on various carbon supports (e.g., graphene, CNT, and activated 
carbon fibres).20-24 In the work of Chen et al.,17 needle-like α-MnO2 nanocrystal was 
deposited on graphene oxide (GO) sheets by using the hydrothermal method. The 
composite electrode exhibited a capacitance of around 200 F g-1. Zhang et al. prepared 
birnessite-type MnO2/activated carbon nanocomposite electrodes, which delivered a 
specific capacitance of 50.6 F g-1 with an energy density of 28.1 Wh kg-1.25 In one of 
our previous studies,22 we compared the effect of carbon supports on the performance 
of MnO2 and found that GO was the best support among the carbon materials studied. 
In this work, graphite oxide instead of GO was used to support MnOx directly formed 
from the modified Hummers’ system. 
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The modified Hummers’ method is popularly used to prepare GO.26 Graphite is 
chemically oxidized by KMnO4 to form graphite oxide, followed by an exfoliation to 
obtain GO. Reduction of GO yields reduced graphene oxide. In this work, the Mn 
species presented in the modified Hummers’ synthesis system were directly precipitated 
to form MnOx dispersed on graphite oxide as schematically illustrated in Figure 4.1a. 
With different mass ratios of KMnO4/graphite in the synthesis system, different MnOx 
phases (MnO, MnO2, Mn3O4) and morphologies (needle, flower, fractal, and sphere) 
were obtained (Figure 4.1b). Electrochemical characterization results showed that a 
MnO2-graphite oxide sample prepared with a KMnO4/graphite mass ratio of 2 exhibited 
the best electrochemical performance. This study also highlights the relationship 
between morphology/phase and electrocapacitive property of MnOx-graphite oxide 
composite materials. 
 
 
Figure 4.1 Schematic illustration of graphite oxide - MnOx synthesis approach based on 
modified Hummers’ method (a), and tailored nanostructures of MnOx achieved with the 
various KMnO4/graphite mass ratio (b). 
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4.2 Experiment 
4.2.1 Preparation of MnOx-graphite oxide samples 
In a typical experiment, 5 g of graphite flakes and 2.5 g of NaNO3 were added to 120 mL of 
98 wt% H2SO4 under stirring at 6 °C. After 30 min, a given amount of KMnO4 was added 
slowly to maintain the system temperature below 30 °C (5 g, 10 g, 15 g and 25 g were used to 
achieve mass ratios of KMnO4/graphite = 1, 2, 3, and 5, respectively), and the mixture was 
stirred for 16 h at 6 °C. Then 150 mL of deionized (DI) water was added, and the mixture was 
stirred for another 24 h at room temperature. After the addition of 50 mL of 30 wt% H2O2, the 
solution was further stirred for 24 h. To precipitate manganese species, the system pH was 
adjusted to 10 by using a 25 wt% ammonia solution. The solids were collected by 
centrifugation and washed with deionized water, then dried in air at 70 °C for 24 h. Samples 
obtained are denoted as G-Mn-X, where X stands for the mass ratio of KMnO4/graphite used 
in the modified Hummers’ method. 
 
4.2.2 Characterizations 
The materials characterizations and electrochemical measurements are conducted according to 
Chapter 3.3 and 3.4. 
 
In this chapter, a symmetric electrochemical cell was used to evaluate the electrocapacitive 
properties of the samples. To allow comparison of our results with other capacitance values 
reported, the capacitances for the two-electrode cells were converted to the equivalent value in 
a three-electrode configuration.27 Apart from 6M KOH, 1M Na2SO4 aqueous solution was used 
as an electrolyte for comparison purpose. 
 
The CV scans were performed at a potential window of 0 ~ 0.4 V and scan rates in the range 
of 10 ~ 50 mV s-1. The galvanostatic charge-discharge cycles were performed at current 
densities from 0.2 ~ 2 A g-1 in the potential window of 0 ~ 0.4 V. 
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4.3 Results and discussions 
The XPS spectra (Figure 4.2) for the MnOx–graphite oxide samples show both Mn 2p3/2 and 
Mn 2p1/2 peaks. These peaks can indicate the difference between surface valence states of these 
materials. 28 The specific binding energies and their corresponding valence states are 
summarized in Table 4.1. Mn (VII) species from KMnO4 were reduced to Mn (II) ions; and 
these Mn (II) ions preferentially bond with oxygen-containing functional groups including 
carboxyl, hydroxyl and epoxyl groups on the graphite oxide surface.14, 29 More oxygen-
containing groups were generated on the graphite oxide surface at the higher ratios of 
KMnO4/graphite to attract manganese species for deposition. Therefore, the obtained 
manganese oxide varies in phase.30 The peak at 641.2 eV corresponding to Mn 2p3/2 and the 
peak at 653.0 eV corresponding to Mn 2p1/2 in G-Mn-1 can be assigned to the Mn species in 
MnO. 31, 32 As evidenced by the 2p3/2 and 2p1/2 peak position shift, it shows that the oxidation 
state is changed to Mn4+, which is consistent with MnO2 (Figure 4.2b)
19, 33 and Mn3O4 (Figure 
4.2c, 4.2d) between surface valence states of these materials.28 The specific binding energies 
and their corresponding valence states are summarized in Table 4.1. Mn (VII) species from 
KMnO4 were reduced to Mn (II) ions; and these Mn (II) ions preferentially bond with oxygen-
containing functional groups including carboxyl, hydroxyl and epoxyl groups on the graphite 
oxide surface.14, 29 More oxygen-containing groups were generated on the graphite oxide 
surface at the higher ratios of KMnO4/graphite to attract manganese species for deposition. 
Therefore, the obtained manganese oxide varies in phase.30 The peak at 641.2 eV 
corresponding to Mn 2p3/2 and the peak at 653.0 eV corresponding to Mn 2p½ in G-Mn-1 can 
be assigned to the Mn species in MnO.31, 32 As evidenced by the 2p3/2 and 2p½ peak position 
shift, the crystalline phase of manganese oxide changed to MnO2 (Figure 4.2b)
19, 33 and Mn3O4 
(Figure 4.2c, 4.2d).34-36 
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Figure 4.2 XPS spectra in Mn 2p region of G-Mn-1 (a), G-Mn-2 (b), G-Mn-3 (c) and G-Mn-5 
(d). 
 
The MnOx phases can be confirmed by the XRD patterns shown in Figure S4.1. No obvious 
MnO peaks are observed from the XRD pattern of G-Mn-1, which may be attributed to the low 
MnOx loading and low degree of crystallinity in this sample. For G-Mn-2, the characteristic 
XRD peaks correspond to MnO2, which has a diffraction peak at about 19 degrees two-theta 
(Figure S4.1). In contrast, G-Mn-3 and G-Mn-5 exhibited characteristic peaks of Mn3O4 
(Figure S4.1). Continuous phase change occurred in these composites from MnO to MnO2, and 
finally to the stable state of Mn3O4. In the previous studies that utilized Mn as a resource in a 
modified Hummers’ method,37, 38 only Mn3O4 was obtained. However, in our system, by simply 
adjusting the KMnO4/graphite mass ratio, the resultant MnOx crystalline phase can be easily 
tuned. 
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Table 4.1 Binding energies of MnOx-graphite oxide samples 
Sample 
Binding Energy (eV) 
Mn state Ref 
Mn 2p3/2 Mn 2p1/2 Species 
G-Mn-1 641.2 653.0 MnO 2+ 31, 32 
G-Mn-2 642.4 653.8 MnO2 4+ 
19, 33 
G-Mn-3 641.5 653.1 Mn3O4 2+, 3+ 
34-35 
G-Mn-5 641.7 653.5 Mn3O4 2+, 3+ 
35-36 
 
The loading of manganese oxide in the nanocomposites was determined by using the TGA 
technique. The TGA curves (Figure 4.3a) show the residual masses of MnOx (which was 
converted to Mn3O4) in the four G-Mn-X samples were 13.3%, 21.8%, 29.2%, and 46.3%, 
respectively. Each TGA curve features an initial weight loss due to desorption of adsorbed 
water and gases, followed by three weight loss events. The weight loss event between 
150~300 °C is mainly attributed to the evolution of CO, CO2, and water from the thermal 
decomposition of oxygen-containing groups on the graphite oxide,39 which does not show 
much difference among these four samples. The weight loss event in the temperature range of 
300 ~ 550 °C is due to loss of oxygen from high valence MnOx to lower valence states,
40 as 
well as decomposition of surface functionalities on the graphite oxide. The weight loss above 
600 °C is attributed to the combustion of carbon from the samples.41 From Figure 4.3b, it can 
be seen that there is an exothermic peak in the temperature range from 300 °C to 550 °C. This 
peak shifts to lower temperatures with increased KMnO4/graphite mass ratio. This temperature 
at which the exothermic peak is located is corresponding to the weight loss events in Figure 
4.3a. The difference between the four samples mainly lies in the oxidation degree of the 
graphite oxide. 
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Figure 4.3 TGA (a) and DSC (b) analysis of G-Mn-1, G-Mn-2, G-Mn-3 and G-Mn-5. 
 
Figure 4.4 shows the TEM images of the samples prepared with different KMnO4/graphite 
mass ratios. It can be seen that the morphology varies from one sample to the other. At X = 1, 
needle-shaped particles of low population deposited on the graphite oxide surface can be seen 
(Figure 4.4a). The particles are typically of 20 nm in width and 100 nm in length (Figure 4.4e). 
The contrast of the TEM images in Figures 4.4a and 4.4e is poor, suggesting a low degree of 
crystallinity of the manganese oxide. By increasing the mass ratio to 2, MnO2 nanoparticles 
with a flowerlike morphology can be observed (Figure 4.4b). The Mn3O4 nanoparticles in 
sample G-Mn-3 have an irregular morphology (Figures 4.4c and 4.4g). At X = 5, the graphite 
oxide surface is covered with spherical Mn3O4 nanoparticles with particle sizes of around 20 
nm (Figure 4.4h). These observations demonstrate that the morphology of MnOx nanoparticles 
deposited on graphite oxide can be controlled by tuning the mass ratio of KMnO4/graphite. 
 
In the modified Hummers’ method, KMnO4 is used to oxidize graphite. A high mass ratio of 
KMnO4/graphite will lead to a high degree of oxidation of the graphite oxide surface. It has 
been demonstrated that the degree of oxidation of a carbon substrate affects the growth and 
morphology of particles deposited on the carbon substrate.30, 42 On the other hand, the defect 
sites on the carbon substrate provides nucleation sites.43 The experimental results in this work 
indeed confirmed that a very high ratio of KMnO4/graphite led to rapid growth and aggregation 
of MnOx particles. A low mass ratio of KMnO4/graphite can produce relatively few oxygen-
containing functional groups and poor dispersion of MnOx.
42 Therefore, an appropriate 
oxidation can realize good dispersion and uniform size of MnOx particles. This study suggests 
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an optimum KMnO4/graphite mass ratio of 2 to produce well-dispersed MnO2 on graphite 
oxide. 
 
 
 
Figure 4.4 TEM images at different magnifications of G-Mn-1 (a, e), G-Mn-2 (b, f), G-
Mn-3 (c, g), G-Mn-5 (d, h). The magnification of images a-d should be the same, and e-
h as well 
 
The SEM images shown in Figure 4.5 provide further evidence of the variation in morphology 
of MnOx nanoparticle on graphite oxide. The energy dispersive X-ray spectroscopy (EDS) 
results provided a quantitative estimation of the amount of MnOx deposited on graphite oxide: 
10.4 wt% MnO on G-Mn-1, 18.0 wt% MnO2 on G-Mn-2, 23.1 wt% Mn3O4 on G-Mn-3, and 
37.0 wt% Mn3O4 on G-Mn-5. These EDS data are consistent with the TGA results. 
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Figure 4.5 SEM images and EDS spectra of G-Mn-1 (a, b), G-Mn-2 (c, d), G-Mn-3 (e, f), and 
G-Mn-5 (g, h). 
 
Figure 4.6a highlights that G-Mn-2 achieved the highest specific capacitance, about 120 F g-1 
at a current density of 0.2 A g-1. Hereinafter, we will focus our discussion of electrochemical 
results on this sample. The capacitive property of G-Mn-2 was evaluated by using cyclic 
voltammetry (CV) (Figure 4.6b), galvanostatic charge-discharge method (Figure 4.6c), and 
electrochemical impedance spectroscopy (EIS) (Figures 4.6d and 4.6e). Table 4.2 provides a 
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summary of specific capacitance and ESR of the four G-Mn-X samples. The details of 
electrochemical measurements and results discussion of three other composites are provided in 
the ESI. Another common electrolyte reported for MnOx supercapacitors is Na2SO4. To allow 
comparison of results in this neutral electrolyte, we measured the electrocapacitive properties 
of G-Mn-2 in 1M Na2SO4, showing specific capacitance of 35 F g
-1 at 0.2 A g-1 (Figure S4.5), 
which is lower value than that measured in 6M KOH (120 F g-1 at 0.2 A g-1). This trend of 
electrochemical performances in Na2SO4 and KOH is similar to other reports (e.g., Ma et al.
44), 
and 6M KOH has been chosen in many studies as an electrolyte for graphene-MnOx 
composites.45,46 
 
Figure 4.6 Specific capacitance of G-Mn-1, G-Mn-2, G-Mn-3 and G-Mn-5 at current density 
of 0.2 A g-1 (a), CV curves of G-Mn-2 at various scan rates (b), galvanostatic charge-discharge 
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curves of G-Mn-2 at different current densities (c), electrical impedance spectra (d), Nyquist 
plot in the high frequency region (e), and cycle performance at a current density of 1 A g-1 for 
2000 cycles (f). 
Table 4.2 Capacitance and ESR data of samples 
Sample 
Specific capacitance at 
0.2 A g-1 (F g-1) 
Equivalent series resistance, 
ESR (Ohm) 
G-Mn-1 108 0.5 
G-Mn-2 120 1.9 
G-Mn-3 100 2.5 
G-Mn-5 98 2.8 
 
The measured G-Mn-2 capacitance is much higher than pure graphite oxide, 
47
 and the excellent 
performance of G-Mn-2 is largely due to pseudocapacitance contributions from redox reaction 
of MnO2:
48 
MnO2  + C
++ e- ↔ MnOOC 
Where C+= K+ for the KOH electrolyte in this study. The CV curves at different scan rates of 
electrode G-Mn-2 exhibited a nearly rectangular shape, which is consistent with previous 
studies.45, 49, 50 These CV curves do not feature strong redox peaks as seen in other 
pseudocapacitive systems. This may be due to the low content of manganese oxide in the 
composites (18-37 wt%) and the dominating contribution of electric double layer capacitance. 
Another possible reason may come from the poor characterization of the redox transitions at 
the electrode/electrolyte surface using the CV technique as has been documented.14 
 
The charge-discharge behaviour of the composite electrodes is shown in Figure 4.6c. The shape 
of the galvanostatic charge -discharge curves is symmetrical, in good accordance with the CV 
results, indicating a fairly reversible charge-discharge process. No linear drop was observed in 
the discharge curves until the current density increased to 2 A g-1, after which the potential 
drop may result from the internal resistance of the electrode associated with the electrical 
connection resistance, bulk solution resistance, and resistance to ion migration in electrode 
materials.51 
 
To further study the electrochemical performance of these composites, electrochemical 
impedance spectroscopy measurements were conducted in the frequency range of 10-3~105 Hz. 
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The small semicircle existing in the high frequency range implies a low charge transfer 
resistance (Figure 4.6d, 4.6e). The nearly vertical line in the low frequency again validates the 
excellent capacitive properties. 
 
The G-Mn-2 electrode was electrochemically stable against charge-discharge cycling at a 
current density of 1 A g-1 (Figure 4.6f). After 2000 consecutive cycles, 85% of the initial 
capacitance of the electrode was retained, indicating this graphite oxide supported manganese 
dioxide composite is a promising electrode material for supercapacitor applications. 
 
4.4 Conclusions 
This research demonstrates that the manganese species presented in the synthesis system 
of graphene oxide from graphite using the modified Hummers’ method can be converted 
to manganese oxides of different crystalline phases and morphologies depending upon 
the mass ratio of KMnO4/graphite employed. Manganese oxides dispersed on graphite 
oxide displayed interesting electrocapacitive properties. A sample containing MnO2 
with a flower morphology on graphite oxide prepared using a KMnO4/graphite ratio of 
2 exhibited the best capacitive behaviour in a 6M KOH electrolyte, and is stable against 
charge-discharge cycling. 
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4.6 Supplementary Information 
 
 
Figure S4.1 XRD patterns of as prepared MnOx-graphite oxide composites 
 
All samples exhibit a peak at around 26.6 degrees two theta, which is attributed to graphite 
oxide. No peaks due to manganese oxide can be seen from G-Mn-1. This may be due to low 
content of manganese oxide and/or low crystallinity. The peaks that are observed from G-Mn-
2 can be indexed to λ-MnO2 (JCPDS 44-0992). The peaks seen from G-Mn-3 are due to 
diffraction of γ-Mn3O4 according to JCPDS 18-0803.52 The peaks seen from G-Mn-5 are due 
to diffraction of tetragonal hausmannite- Mn3O4 (JCPDS 24-0734).
53 These results confirmed 
the presence of different MnOx phases on the graphite oxide surface, and matching well with 
the XPS results in Figure 4.3. 
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Figure S4.2 CV curves of G-Mn-1 (a), G-Mn-3 (b), G-Mn-5 (c). 
 
Figure S4.3 Galvanostatic charge -discharge curves of G-Mn-1 (a), G-Mn-3 (b), and G-Mn-
5(c) at different current rates, and galvanostatic charge -discharge curves of three samples at 
a current rate of 1 A g-1(d). 
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Figure S4.4 EIS comparison of (a) MnOx-graphite oxide composites with (b) corresponding 
enlarged EIS data and (c) pristine graphite oxide with (d) corresponding enlarged EIS data. 
 
Figure S4.4 shows the Nyquist plots of four MnOx-graphite oxide composites (a, b) and pristine 
graphite oxide (c, d). They all share semicircle in the high frequency region followed by 
inclined lines in the low frequency region. The semicircle implies the charge transfer resistance 
and the intersection at the real axis indicates the equivalent series resistance (ESR). The ESR 
values of G-Mn-1, G-Mn-2, G-Mn-3, and G-Mn-5 obtained from the Nyquist plots are 0.5 Ω, 
1.9 Ω, 2.5 Ω and 2.8 Ω, respectively. The ESR value of the pristine graphite oxide is 0.16 Ω. 
G-Mn-2 shows a more vertical line in Warburg resistance corresponding to an electrode closer 
to an ideal capacitor.54 
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Figure S4.5 Electrochemical performance of G-Mn-2 in 1M Na2SO4 solution. (a) CV curves, 
(b) Galvanostatic charge-discharge curves, (c) EIS profile, and (d) low-frequency region EIS 
profile. 
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Chapter 5 A expanded graphene oxide-nickel 
oxide composite electrode with a high and 
stable capacitance 
79 
 
5.1 Introduction 
Supercapacitors (SCs) are energy storage systems with unique characteristics, including high 
power density, fast charge/discharge rate and a long cycle life.1 The energy storage mechanism 
of SCs is based on EDLC and pseudocapacitance. The main shortcoming of SCs is their low 
energy density in comparison with rechargeable batteries. The energy density of SCs can be 
improved by enhancing the specific capacitance and/or increasing the working voltage window 
of the cell. As the capacitance of SCs is determined by the specific capacitance of the electrode 
materials, a great deal of research interest has focused on new electrode materials with a high 
specific surface area accessible to electrolyte ions, a high electron conductivity, and an 
excellent stability against cycling.2-4 
 
Graphene has been studied widely as promising electrode materials for SCs.5-8 Many studies 
have investigated methods to expand and/or exfoliate graphite to prepare graphene materials, 
including the mechanical expansion method,9 chemical methods,10, 11 and thermal method.12, 13 
Among them, the thermal expansion method at high temperatures14 and sometimes in vacuum15 
is a facial approach. 
 
In addition, metal oxides with a high pseudocapacitance such as nickel oxide (NiO),16-18 
manganese oxide,19-21 and iron oxide22, 23 have been combined with graphene to prepare 
composite electrodes for SCs. Such composite electrode materials are reported to benefit from 
excellent kinetics of charge transfer, structural stability during charge/discharge processes, and 
good electric conductivity. 
 
We have previously reported the capacitive improvement of graphene by introducing metal 
oxides,24 conducting polymers,25 CNT,26 and carbon nanospheres.27 Here, we demonstrate a 
facile approach to produce a composite electrode of expanded graphene oxide (EGO) decorated 
with NiO nanoparticles (this composite is labelled EGO-NiO) as an advanced electrode 
material for SCs. The preparation is schematically illustrated in Figure 5.1. Nickel (II) 
acetylacetonate [Ni(acac)2] was selected as the nickel precursor, which can diffuse between 
graphene sheets of graphene oxide (GO) flakes.28-30 Upon heating up to 550 °C, Ni(acac)2 
decomposes to form NiO nanoparticles31, 32 on the GO sheets surface. The interspace of the GO 
sheets was simultaneously expanded. Meanwhile, a large number of oxygen-containing groups 
on GO was thermally reduced.11 The deposited NiO nanoparticles prevent restacking of the 
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reduced GO (RGO), providing sufficient space for electrolyte ions to move while the NiO 
nanoparticles contribute significantly to pseudocapacitance. 
 
 
Figure 5.1 Schematic illustration of the preparation of an EGO-NiO composite using the 
vacuum-thermal treatment method. The - interactions between acetylacetonate groups and 
graphene oxide enable the former to diffuse into the latter. Thermal decomposition of the 
former simultaneously leads to expansion of GO flakes, the formation of NiO nanoparticles 
between GO sheets and reduction of GO. 
 
5.2 Experiment 
5.2.1 Preparation of EGO-NiO composite 
The pH of the GO suspension was adjusted to 10 by adding ammonia (25 wt%). Then 
Ni(acac)2 was added to the suspension at a mass ratio of GO: Ni(acac)2 = 1:1. The 
mixture was stirred at 400 rpm for 1 h to obtain a solid precipitate, which we separated 
using a centrifuge and dried at 60 °C for 24 h. The intermediate product collected at this 
stage is denoted as GO/Ni(acac)2. The GO/Ni(acac)2 was heated in a furnace under a 
vacuum of approximately 75 Pa at 5 °C min-1 to 220 °C and held at this temperature for 
0.5 h before final heat treatment at 550 °C for another 3 h. We describe the product from 
this process as EGO-NiO. 
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We compared the physical and chemical properties, and electrochemical performance 
of the EGO-NiO composite to three samples produced by other methods. (a) Thermally 
treated GO flakes (T-GO) were prepared from GO with the same two-step procedure at 
220 °C and 550°C under a vacuum as described for EGO-NiO. (b) A GO-nickel oxide 
composite GO-solNiO was prepared from a water soluble nickel precursor Ni(NO3)2 by 
the same procedures as for EGO-NiO. And, (c) A GO-nickel oxide composite phGO-
NiO was prepared by physically mixing GO with Ni(acac)2 at a mass ratio of 1:1, and 
this mixture was also heated at 550 °C for 3 h in vacuum. 
 
5.2.2 Characterizations 
The materials characterization and electrochemical measurements are conducted according to 
Chapter 3.3 and 3.4. 
 
In this chapter, the CV scans were collected at a potential window of 0 ~ 0.5 V and scan rates 
of 5 ~ 50 mV s-1. The galvanostatic charge-discharge cycles were performed at current 
densities from 1 to 20 A g-1 in the potential window of 0 ~ 0.5 V. 
 
5.3 Results and discussions 
The XRD patterns of GO and GO/Ni(acac)2 presented in Figure 5.2a show diffraction peaks at 
2θ = 12.6° corresponding to an interlayer d-spacing of 0.70 nm in GO, and 2θ = 10.8° 
corresponding to an increased d-spacing of 0.82 nm in GO/Ni(acac)2 intermediate product. The 
diffraction pattern in Figure 5.2a for EGO-NiO does not feature any strong peaks around the 
2θ values between 10° -13°. Instead, in the low angle XRD pattern (Figure 5.2b), we can 
observe a small peak at 2θ = 1.96°. This 2θ value corresponds to a d-spacing of 4.50 nm, which 
indicates a significant expansion of the graphene layers in EGO-NiO. In contrast, the d-spacing 
in T-GO was only 0.33 nm (see Figure S5.1 with a broad peak around 2θ = 26°) and close to 
the interlayer spacing of graphite,34 indicating this vacuum-thermal treatment cannot lead to 
interlayer expansion of GO in the absence of Ni(acac)2. Nickel oxide in EGO-NiO is confirmed 
by XRD peaks (Figure 5.2a) at 2θ = 37.25° and 2θ = 43.28° which match the diffraction 
patterns of the (111) and (200) planes according to NiO (JCPDS 47-1049), respectively. We 
used AFM to examine the EGO-NiO composite more closely, and observed NiO nanoparticles 
decorated on the flakes of RGO (Figure S5.2a). Estimated from a cross-section contour of the 
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flake, the height of an RGO flake is approximately 0.9 nm (Figure S5.2b), which is consistent 
with other reports for a single layer of graphene.35, 36 The thickness of the NiO nanoparticles 
on the RGO surface from the AFM images was estimated to be around 4.2 nm and this result 
is consistent with the EGO-NiO interlayer estimated from the small-angle XRD pattern (Figure 
5.2b). Thus, the AFM results together with the XRD patterns of EGO-NiO support that the 
significantly expanded interlayer spacing is attributed to the presence of NiO nanoparticles 
between the graphene sheets decomposed from the Ni(acac)2. 
 
 
Figure 5.2 (a) XRD patterns of GO, GO/Ni(acac)2, and EGO-NiO, (b) small-angle XRD pattern 
of EGO-NiO, JCPDS 47-1049 is the index pattern of NiO. 
 
The XRD patterns of GO-solNiO and phGO-NiO are included in Figure S5.3. In Figure S5.3a, 
the diffraction peaks of crystalline NiO (111) and (200) planes are again observed in GO-
solNiO and phGO-NiO. However, we did not observe any characteristic GO peak around 
2θ = 12.6 ° in Figure S5.3a, nor any peak that could be attributed to expansion of GO in the 
small angle XRD patterns (Figure S5.3b) for GO-solNiO and phGO-NiO. These XRD results 
suggest that the NiO formed as a separate phase instead of between graphene layers in GO-
solNiO and phGO-NiO, and highlight that precursor selection and pre-anchoring into graphene 
layers is critical to achieving the EGO-NiO structure. 
 
The porous structure of sample EGO-NiO was characterized by nitrogen sorption analysis. As 
shown in Figure S5.4, sample EGO-NiO exhibits a type IV isotherm, which indicates the 
existence of abundant mesopores. The BET surface area is 128 m2 g-1. 
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The SEM images of EGO-NiO in Figure 5.3a and 5.3b show the EGO-NiO retained the flake 
structure of the GO, with dispersed NiO particles and layers of reduced GO visible in the image. 
The nickel content of this sample estimated using SEM-EDS was 2.85 at% (Figure S5.4). The 
nanosized NiO particles and the RGO layers are also observed in the TEM image shown in 
Figure 5.3c. A distribution of NiO particle sizes calculated from TEM images (Figure 5.3d) 
shows an average size of NiO particles was 7.8 nm, and we interpret this size as the width of 
nanoparticles parallel to the RGO sheet planes. The nanocrystal lattice of NiO was captured in 
the HRTEM image (Figure 5.3e), which shows a well-defined crystalline lattice spacing of 
0.21 nm consistent with the (200) crystallographic plane of NiO. Figure 5.3f and 5.3g show the 
carbon and nickel elemental maps, obtained from TEM-EDS respectively, and confirm well-
dispersed NiO nanoparticles in EGO-NiO. 
 
The SEM images of GO-solNiO and phGO-NiO in Figure S5.5a and S5.5c show densely 
stacked GO flakes of several microns thick, which are consistent with the XRD results that no 
obvious GO expansion occurs when the soluble nickel precursor was used or by physical 
mixing of Ni(acac)2 with the GO. Considering the obvious peaks of crystalline NiO observed 
from sample GO-solNiO, along with the nanoparticles observed in the SEM image shown in 
Figure S5.5b, it can be concluded that the NiO nanoparticles in sample GO-solNiO existed on 
the surface of GO flakes instead of being interspersed between graphene layers. We also 
observe in Figure S5.5d that NiO particles formed on the external GO surfaces of phGO-NiO. 
Hence, we postulate that the key step in the preparation of EGO-NiO is the diffusion of 
Ni(acac)2 in a basic GO suspension, which facilitates π-π interactions of the aromatic 
acetylacetonate (acac) ligands with the graphitic layers of the sp2 carbon network. This concept 
has been demonstrated for other metal-acetylacetonate compounds with GO and graphene 
materials.28-30 However, for phGO-NiO, during vacuum heating, due to the lack of expansion 
of GO, the narrow interlayer space indue obstruction for Ni(acac)2 molecules to diffuse in. 
Consequently, Ni(acac)2 adsorbs on external surfaces of GO and at high temperature sublimes 
to deposit NiO only on external GO surfaces. 
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Figure 5.3 (a, b) SEM and (c, d) TEM images of EGO-NiO, Inset figure in (d) shows the NiO 
nanoparticle size distribution, (e) HRTEM image of EGO-NiO showing the lattice of NiO 
nanoparticle. Elemental maps from TEM-EDS of EGO-NiO for (f) carbon, (g) nickel, and (h) 
oxygen. 
 
The nickel content of these three composite materials was analyzed by EDS from SEM (Figure 
S6). Interestingly, the nickel content of EGO-NiO and GO-solNiO are 2.85 and 1.40 at % 
respectively, which is lower than that of phGO-NiO (8.8 Ni at %). This may possibly due to 
the leaching of unbound Ni ions during washing process. 
 
The XPS survey spectra in Figure 5.4a confirm carbon, oxygen, nickel species on the surface 
of EGO-NiO, and only carbon and oxygen species on GO. The C1s XPS spectrum of GO 
(Figure 5.4b) was deconvoluted into four components: C=C at a binding energy of 283.7 eV, 
C-C at 284.6 eV, a dominant C-O peak associated with epoxy and alkoxy groups at 286.6 eV, 
and a C=O peak associated with carbonyl groups at 288.2 eV.37, 38 In contrast, the dominant 
peak in the C1s XPS spectrum of EGO-NiO (Figure 5.4c) is the C-C peak, with a low intensity 
C-O peak and no observable C=O peak. This change observed for EGO-NiO indicates the 
reduction of oxygen species on the GO and a partial restoration of the conjugated sp2 graphene 
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network after the vacuum-thermal treatment. The Ni2p XPS spectrum of EGO-NiO in Figure 
5.4d exhibits two main peaks at binding energies of 871.5 eV assigned to Ni 2p½ and 853.7 eV 
assigned to Ni 2p3/2. We attribute the satellite peaks of Ni 2p½ at a binding energy of 880.8 eV 
and Ni 2p3/2 at 861.8 eV in Figure 5.4d to Ni
2+ in NiO.39-42 These XPS results confirm the 
reduction of GO and the formation of NiO after the vacuum heating process to prepare EGO-
NiO. 
 
Figure 5.4 XPS survey spectra of GO and EGO-NiO (a), C1s XPS spectrum of GO (b), C1s 
XPS spectrum of EGO-NiO (c), and  Ni2p XPS spectrum of EGO-NiO (d). 
 
Figure 5.5 summarises the electrocapacitive performance of EGO-NiO electrodes in 
galvanostatic charge-discharge and CV cycles performed in 6 mol L-1 KOH. The 
galvanostatic charge-discharge profiles measured at a current density of 1 A g-1 in Figure 
5.5a show that the EGO-NiO electrode delivered a much longer discharge time than the GO-
solNiO and phGO-NiO electrodes, and it follows that the EGO-NiO specific capacitance of 
880 F g-1 calculated from the galvanostatic charge-discharge profile was significantly greater 
than the capacitances of GO-solNiO (182 F g-1) and phGO-NiO (165 F g-1). The capacitance 
of EGO-NiO was also much greater than the charge storage capacity of a GO electrode (Figure 
S5.7). Similar to literature report, Figure 5.5a indicates the loss of columbic efficiency at low 
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current density, which is possibly due to the slow electrochemical reaction at nanostructured 
metal oxide electrodes at lower current density.43 Furthermore, Figure 5.5b shows the 
electrochemical performance of EGO-NiO remained excellent at fast charge-discharge rates 
with a specific capacitance of 428 F g-1 at current densities up to 20 A g-1. 
 
Figure 5.5c demonstrates the stability of the EGO-NiO electrode through 5000 
consecutive GCD cycles at the current density of 5 A g-1. After 5000 charge-discharge 
cycles, the EGO-NiO electrode remains 93.1% of the initial capacitance. Moreover, the 
capacitance can maintain 80.1% after 5000 cycles at high current density of 20 A g-1 
(Figure S5.8). The relatively quicker capacitance fade and shorter cycle life at higher 
current density may possibly due to the severe structural change of electrode materials 
under fast charge-discharging. 
 
Based on these results and the characterisation of the electrode materials, we attribute 
the outstanding performance (high capacitance and electrochemically stable against 
electrolyte) of the EGO-NiO electrode to several factors, including the sufficient surface 
area accessible to electrolyte ions; removal of oxygen-containing groups promoting the 
conductivity; and the pseudocapacitance NiO particles contribute to.44 
 
The CV curves for EGO-NiO (Figure 5.5d) exhibit redox peak-pairs with an anodic 
peak around 0.48 V in the forward scan and a cathodic peak around 0.35 V in the 
backward scan. These peaks correspond to NiO electrochemical reactions associated 
with the redox couple Ni2+/Ni3+:45, 46 
NiO + OH- ↔ NiOOH + e- 
It is noted two obvious cathodic peaks were observed with the increase of scan rates. It 
was caused by the transformation of NiOOH to α-Ni(OH)2 in the alkaline solution 
during the charging process and the instability of α-Ni(OH)2 results in the occurrence of 
β - Ni(OH)2.47-49 Accordingly, the two oxidation of Ni(OH)2 give two varieties of 
oxyhydroxide, β and γ NiOOH, which can explain the two reduction peaks occurred 
during the backward scan in Figure 5d.50 
The Nyquist plot (Supporting Information Figure S5.6d) produced from EIS 
measurements with the EGO-NiO electrode features a low x-axis intercept in the high 
frequency region indicating a low equivalent series resistance (ESR), and a negligible 
semicircle at medium frequencies, much smaller than the GO electrode (Figure S5.6). 
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The diameter of the semicircle represents the charge transfer resistance (Rct). 
Furthermore, in the low-frequency region, the curve for EGO-NiO is close to a vertical 
straight line and this shape demonstrates that the resistance to the diffusion of ions in 
the electrode is small.51-53 These EIS results that indicate fast electron and ion transport 
in the composite electrode, are consistent with the excellent capacitance retention of the 
EGO-NiO electrode at high current densities (Figure 5.5b). 
 
 
Figure 5.5 (a) Charge-discharge curves of EGO-NiO, GO-solNiO, and phGO-NiO at 1 A g-1, 
(b) specific capacitance calculated from galvanostatic charge-discharge curves against 
current densities of EGO-NiO, (c) cycle performance measured of EGO-NiO at a current 
density of 5 A g-1 (d) cyclic voltammograms of EGO-NiO at 5, 10, 20, and 50 mV s-1. 
 
Figure 5.6 compares the rate capability of EGO-NiO with some NiO-graphene 
composite electrode materials reported in the literature,54-58 and the same reference data 
tabulated in Table S5.1. Electrode EGO-NiO prepared in this work showed higher or 
comparable specific capacitance, rate capability, and cycling stability in comparison 
with other electrode materials. It can be seen EGO-NiO has an excellent rate capability 
at high current densities up to 20 A g-1. In the EGO-NiO composite, the removal of 
oxygen-containing groups improves the electric conductivity of RGO network. RGO 
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performs as a conductive support for the deposition of NiO nanoparticles. The good 
interfacial contact between NiO and RGO promotes the conductivity of the electrode, 
thus ensures a good rate capability. 
 
 
Figure 5.6 A comparison of rate capability of the electrode materials prepared in this work 
with those reported in the literature.54-58 
 
5.4 Conclusions 
In summary, this work demonstrates a simple approach to preparing graphene-NiO 
composite electrode for supercapacitors. The selection of Ni(acac)2 as the nickel 
precursor is a key factor that allows NiO to be deposited between graphene layers. The 
sandwiched structure combined EDLC and pseudocapacitance from redox reactions of 
NiO. The improved specific surface area accessible to electrolyte ions benefiting from 
the expansion of GO and the promoted electron conductivity resulting from the 
reduction of GO both enhance the electrochemical performance of EGO-NiO. The 
composite exhibited an excellent electrocapacitive behaviour in 6 M KOH electrolyte 
(880 F g-1 at 1 A g-1) and was stable against charge-discharge cycling (93.1% retention 
after 5000 cycles at 5 A g-1). 
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5.6 Supplementary Information 
 
 
 
Figure S5.1 XRD pattern of T-GO. 
 
 
Figure S5.2 (a) AFM image of nickel oxide nanoparticles on RGO from EGO-NiO and (b) 
cross-section thickness contour. 
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Figure S5.3 (a) XRD patterns of GO-solNiO and phGO-NiO and (b) small-angle XRD 
patterns of GO-solNiO and phGO-NiO. 
 
 
 
Figure S5.4 N2 adsorption-desorption isotherm of EGO-NiO. 
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Figure S5.5 SEM images in low and high magnifications of GO-solNiO (a, b) and phGO-NiO 
(c, d). 
 
 
 
Figure S5.6 SEM-EDS data of (a) EGO-NiO, (b) GO-solNiO and (c) phGO-NiO.  
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Figure S5.7 GCD curves at different current densities of pristine GO (a) and EGO-NiO (b), 
Nyquist plots of GO (c) and EGO-NiO (d). The insets in Figures S5.7 c and d show high-
frequency Nyquist plots. 
 
 
Figure S5.8 Cycling performance of EGO-NiO for 5000 cycles at 20 A g-1.  
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Table S5.1 Comparison of NiO-based pseudocapacitive electrode materials 
Materials Preparation method 
Specific 
capacitance  
Cs (F·g-1) 
Cycle stability 
(%, cycle numbers) 
NiO-reduced 
graphene oxide 
(this work) 
Vacuum-thermal 
treatment 
880 at 1 A g-1 93%, (5000) 
at 5 A g-1 
NiO film 54 Chemical bath deposition + 
template removal 
309 at 1 A g-1 89%, (4000)  
at 1 A g-1 
NiO/Graphene 55 Vacuum promoted low-
temperature heat treatment 
220 at 0.1 A g-1 100%, (1000)  
at 2 A g-1 
NiO/ultrathin 
derived graphene 56 
Nanocasting + chemical 
bath deposition 
425 at 2 A g-1 79%, (2000) 
at 10 A g-1 
NiO/nanoporous 
graphene 57 
Atomic layer deposition 1005.8 at 1 A g-1 94%, (1500) 
at 2 A g-1 
NiO/3D graphene 58 CVD + electrochemical 
deposition 
745 at 1.4 A g-1 100%, (2000)  
at 80 mV s-1 
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Chapter 6 Carbon nanotube and nickel oxide 
on expanded graphite as supercapacitor 
electrodes 
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6.1 Introduction 
In the past decades, extensive research has been carried out in the preparation and 
application of graphite-derived materials in energy storage field.1-4 However, the 
preparation of graphene oxide or graphene normally requires complex synthetic routines, 
such as Hummers’ method,5 which results in high costs, thereby further prevent its wide 
application.6, 7 
 
As a kind of commercially available graphite-derived material, expandable graphite is 
different from graphene oxide and graphene. It can be produced from graphite flakes 
and transformed into worm shaped expanded graphite (EG) through thermal treatment. 
In EG, a long range ordered layered structure of graphite remain and carbon layers apart 
without any pillar.8, 9 However, the EG exhibited only a capacitance of 24 F g-1 when 
used as electrode materials for SCs in 6M KOH electrolyte.10 Therefore, Buan et al.11 
hybridize the second component with EG to improve its electrochemical performance. 
 
Metal oxides have already been introduced via various methods to improve the 
capacitance of EG through pseudocapacitance enhancement. For example, EG/NiO 
nanocomposites were prepared by chemically depositing Ni(OH)2 in EG followed by 
thermal annealing.10 SnO2/EG multiscale composite exhibited enhanced 
electrochemical performance for Li ions battery via a solvent-thermal reaction and the 
following anneal treatment.12 Fe3O4/EG composite with the outstanding Li-storage 
performance was reported by Zhao et al.13 using in situ pyrolysis of ferrocene on the 
nanosheets of EG. 
 
Moreover, CNT with excellent electrical conductivity was also introduced to EG. Zhao 
et al.14 reported the CNT growth on the pores of EG using chemical vapour deposition 
(CVD) method, which proved that the pores of EG could be loaded with catalyst 
particles (Fe, Co and Ni) and EG can play the role of a solid base for CNT growth. Cao 
et al.15 also reported the in situ growth of CNT between graphite layers within EG. The 
morphology and microstructure of the EG-CNT composite prepared by Cao et al.15 
demonstrated that the intimately contacted EG-CNT interface had been constituted 
successfully within the multi-layered composite network. 
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However, to date, the investigation has been limited to the binary components; ternary 
components were rarely reported.16 Here, CNT was introduced towards EG and then an 
EG-CNT-NiO ternary component nanostructure was built up. The schematic process of 
prepare EG-CNT-NiO composite was shown in Figure 6.1. At the beginning, EG 
powder (expandable graphite treated under vacuum thermal treatment) was physically 
mixed with Ni(acac)2. To be noted, Ni(acac)2 was chosen here since it can sublimate to 
nickel nanoparticles. In that case, nickel nanoparticles can perform as a catalyst for CNT 
growth. Otherwise, an additional step for catalyst impregnation cannot be avoided such 
as soluble metal salt solution mixing with carbon matrix. Moreover, NiO can provide 
pseudocapacitance. Afterwards, nickel nanoparticles deposited on EG catalyze the 
growth of CNT using acetonitrile (CH3CN) as a carbon source
17 by CVD process. It is 
noted that the catalyst (Ni) deposition and the growth of CNT were completed in CVD 
process. The as-prepared composite electrode material exhibited good electrochemical 
performance. A specific capacitance of 294 F g-1 was achieved at the current of 1 A g-1 
and the capacitance retention was 93.4% at a current density of 3 A g-1 after 3000 cycles. 
 
 
Figure 6.1 Schematic illustration of EG-CNT-NiO composite preparation. Green dot: nickel 
particles, red dot: NiO particles, green tube: CNT. 
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6.2 Experiment 
6.2.1 Preparation of EG-CNT-NiO composites 
In a typical process, the EG powder was obtained by vacuum heating commercial 
expandable graphite at 1000°C. Ni(acac)2 was physically mixed with EG using a mortar 
as a mass ratio of 3:1. Then, the mixture was heated in a CVD tube furnace. The tube 
was heated under a flow of N2 at a ramp rate of 5 °C min
-1 until 550 °C. Then the tube 
was held for 30 mins. Before the temperature was increased to 850 °C, the gas flow was 
switched to H2 for 20 mins. At 850 °C, the CNT were grown on the EG-Ni substrate by 
switching the gas flow to a stream of 80 sccm N2 saturated with CH3CN (generated by 
a bubbling the N2 through a CH3CN solution) for 1h. The sample obtained is denoted as 
EG-CNT-Ni. Subsequently, EG-CNT-Ni was activated with a 2M KOH solution (mass 
ratio of KOH and EG-CNT is 3:1) at 800 °C for 2 h under N2 flow at a heating rate of 
5°C min-1. Residue KOH and potassium salts formed during the activation process were 
removed by washing the EG-CNT-NiO thoroughly with hot deionized (DI) water. After 
drying the sample at 60 °C for 24 h, the sample was labeled as EG-CNT-NiO. For 
comparison purpose, I also prepared EG-CNT-Ni-K500, EG-CNT-Ni-K600, EG-CNT-
Ni-K700 at activation temperatures of 500, 600 and 700°C on EG-CNT-Ni, 
respectively. In addition, EG-CNT-Ni was washed using 5 wt% HCl solution to remove 
the nickel catalyst (EG-CNT). EG-CNT was activated using KOH at 800 °C then labeled 
as EG-CNT-800. 
 
6.2.2 Characterizations 
The materials characterization and electrochemical measurements are conducted according to 
Chapter 3.3 and 3.4. 
 
In this chapter, the CV scans were performed at a potential window of 0 ~ 0.5 V and scan rates 
in the range of 5 to 50 mV s-1. The galvanostatic charge-discharge cycles were performed at 
current densities from 1 to 20 A g-1 in the potential window of 0 to 0.5 V. 
 
6.3 Results and discussions 
The nanostructure of expandable graphite, EG and EG-CNT-NiO is shown in Figure 
6.2. The difference of those samples in microstructure can be clearly observed. Figure 
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6.2a shows the original expandable graphite, which is a kind of typically multilayered 
structure. Figure 6.2b shows a worm-like morphology shape of the commercial 
expandable graphite after expansion. The image in Figure 6.2c shows the whole flake 
of EG has some folded structure. EG-Ni, the intermediate product of EG-CNT-Ni, as 
shown in Figure 6.2d, features some tiny nanoparticles inside the fold structure of EG. 
Figure 6.2e shows the CNT growth on both sides of EG. The FE-SEM image in Figure 
6.2f shows that the CNT are firmly attached to the graphite layers. They twisted with 
each other with the diameter of around 25 nm. These observations confirm that CNT were 
grown on the EG substrate. Besides, the length and amount of CNT can be tuned by 
adjusting the CVD parameters such as growth time and content of carbon source.17, 18 
 
The dense graphitic multi-layered walls of CNT can be observed in Figure 6.3a. A high 
magnification TEM image in Figure 6.3b reveals that the catalyst (Ni) resides at the top 
of the CNT, which implies a tip growth mechanism.19 The selected area electron 
diffraction patterns (SAED) in Figure 6.3c confirms the existence of NiO with the d-
spacing of (110), (200), and (220) facet according to JCPDS 47-1049. 
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Figure 6.2 SEM images of (a) expandable graphite, (b) EG at low magnification, (c) EG at 
high magnification, (d) EG-Ni, (e) EG-CNT-NiO at a low magnification, and (f) EG-CNT-NiO 
at a high magnification. 
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Figure 6.3 TEM images of (a) EG-CNT-NiO at a low magnification, (b) EG-CNT-NiO at a 
high magnification, and (c) SAED. 
 
Figure 6.4 shows the XRD patterns of expandable graphite, EG, EG-Ni, EG-CNT-Ni, and EG-
CNT-NiO. It is observed that there are two sharp peaks at 2θ = 26.6° and 56.0°, corresponding 
to the (002) and (004) lattice plane of graphite in expandable graphite. After vacuum thermal 
treatment, the (002) peak and (004) peak in EG both decrease in intensity, which may be caused 
by some disordered thin graphite sheets.20 EG-Ni was composed of carbon and nickel. Carbon 
is evidenced by the peak at 2θ = 26.6 °corresponding to (002) of graphite. Nickel is evidenced 
by the characteristic peaks occurred at 2θ = 44.6°, 51.9°, and 76.4°, which corresponds to the 
(111), (200) and (220) faces according to JCPDS 040850, respectively. The XRD pattern of 
EG-CNT-Ni shows similar peaks with that of EG-Ni, implying that it is a mixture of carbon 
and nickel. However, there is no other peaks can be observed only carbon peaks in the XRD 
pattern of EG-CNT-NiO. It may be caused by the amorphous NiO, which is in accordance with 
the ring shape SAED patterns in Figure 6.3c. 
 
Figure 6.4 XRD patterns of expandable graphite, EG, EG-Ni, EG-CNT-Ni, and EG-CNT-NiO. 
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The chemical composition of EG-CNT-Ni and EG-CNT-NiO was compared using XPS for the 
binding energy ranging from 100 to 1200 eV. Figure 6.5a shows that EG-CNT-Ni and EG-
CNT-NiO both consist of carbon, oxygen, and nickel. The nickel content in EG-CNT-NiO is 
1.66 at%. The corresponding Ni2p spectrum is provided in Figure 6.5b and Figure 6.5c. Figure 
6.5b shows four fitted peaks: Ni2p3/2 (852.6 eV) and its satellite (858.8 eV), and Ni2p1/2 (870.5 
eV) and its satellite (877.5 eV), which can be assigned to nickel metal.21 Figure 6.5c displays 
five fitted peaks: Ni 2p3/2 (854.2 eV, 856.2 eV) and its satellite (861.8 eV). Ni 2p1/2 (872.5 eV) 
and its satellite (880.8 eV). The value of the binding energy difference between Ni 2p1/2 and 
Ni 2p3/2 is about 18.3 eV, which reveals the presence of NiO.
22-24 The O1s peak observed in 
Figure 6.5d was deconvoluted into four components. The peak at 531.7 eV is assigned to 
oxygen bonded with O-Ni,25 further confirming the existence of NiO in EG-CNT-NiO. Three 
other peaks at 533.5 eV, 535.1 eV, and 536.5 eV can be assigned to O-H, C-O and C=O bonds, 
respectively.26 On the basis of analysis of XPS data, the composition in EG-CNT-NiO was 
further confirmed and in good accordance with SAED data (Figure 6.3c). 
 
Figure 6.5 (a) XPS wide scan spectra of EG-CNT-Ni and EG-CNT-NiO, (b) Ni2p XPS spectrum 
of EG-CNT-Ni, (c) Ni2p XPS spectrum of EG-CNT-NiO, and (d) O1s XPS spectrum of EG-
CNT-NiO. 
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The results of electrochemical measurements of EG-CNT-NiO in 6M KOH with the 
three-electrode cell are shown in Figure 6.6. In CV measurements (Figure 6.6a), we 
observed strong redox pair peaks at potential of 0.28 V/0.42 V vs. the Hg/HgO reference 
electrode at the scan rate ranging from 5 to 50 mV s-1, which correspond to the NiO 
redox reactions from Ni2+ to Ni3+ in basic solutions,27, 28 
NiO + OH- ↔ NiOOH + e- 
At faster scan rates, both reduction and oxidation peak currents increased in the peak 
potentials. On the basis of CV curves, the specific capacitances of EG-CNT-NiO at 
various scan rates were calculated and the specific capacitance decreased with the 
increase of scan rates. The calculated capacitance at 50 mV s-1 (255 F g-1) remained 
around 60% of that at 5 mV s-1 (418 F g-1). 
 
The galvanostatic charge-discharge curves at different current densities in Figure 6.6b 
exhibit the typical pseudocapacitive behaviour, which is in good accordance with the 
CV results (Figure 6.6a). Similarly, the specific capacitance varies from the current 
density. When the current density increased by 20 fold from 1 to 20 A g-1, about 66% 
of the original capacitance was retained, demonstrating good rate capability (Figure 
6.6c). In contrast, the galvanostatic charge-discharge curves of EG-CNT-Ni and EG-CNT-
800 at a current density of 1 A g-1 are compared with EG-CNT-NiO (Figure 6.6c). It is 
observed that EG-CNT-NiO takes the longest discharging time, showing the highest 
specific capacitance. The calculated specific capacitance of EG-CNT-Ni and EG-CNT-
800 is 62 F g-1 and 138 F g-1, respectively. Both of them are lower than that of EG-CNT-
NiO, indicating the introduction of NiO indeed improves the specific capacitance. In 
Figure 6.6d, specific capacitance vs current density of EG-CNT-Ni and EG-CNT-NiO 
is shown. It can be observed that the capacitance declined with the increase of current 
density. The retention ratio from 1 to 20 A g-1 of EG-CNT-NiO was lower than that of 
EG-CNT-Ni. In the former, NiO contributed much to the capacitance at the cost of rate 
capability.29 However, for EG-CNT-Ni, mainly capacitance originated from the carbon 
matrix. Therefore, EG-CNT-NiO exhibits better rate capability but lower capacitance 
compared to EG-CNT-NiO. 
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Figure 6.6 Electrochemical characterization of capacitive performance of EG-CNT-NiO (a) 
CV curves at various scan rates ranging from 10 ~ 50 mV s-1, (b) galvanostatic charge-
discharge curves at various current densities (1 ~ 20 A g-1), (c) galvanostatic charge-discharge 
curves at 1 A g-1 of EG-CNT-Ni, EG-CNT-800, and EG-CNT-NiO and (d) corresponding 
specific capacitance as a function of current density for EG-CNT-Ni and EG-CNT-NiO. 
 
Figure 6.7 compares the surface areas of EG-CNT-Ni and EG-CNT-NiO. The N2 
sorption isotherms show that the micropore (below P/P0=0.1) increased from EG-CNT-
Ni to EG-CNT-NiO. Accordingly, the surface area calculated by BET increases nearly 
50%, from 49.9 m2 g-1 to 72.2 m2 g-1. Compared to EG-CNT-NiO, EG-CNT-Ni-K500, 
EG-CNT- Ni-K600, and EG-CNT- Ni-K700, all of them are expected to possess lower 
surface area since higher activation temperature(800) could promote the further 
development of pores and lead to a larger surface area.30 
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Figure 6.7 N2 sorption isotherms of EG-CNT-NiO and EG-CNT-Ni. 
 
Moreover, the galvanostatic charge-discharge curves comparisons between different KOH 
activation temperatures are shown in Figure 6.8a. It is observed that all three samples 
take much longer discharging time than EG-CNT-Ni, indicating higher capacitance. 
Moreover, the capacitance increased with the rise of activation temperature. However, 
even EG-CNT-Ni-K700 has the highest capacitance among three samples, which is still 
lower than that of EG-CNT-NiO. Figure 6.8b shows the specific capacitance as a 
function of current density. All three samples show the decline in specific capacitance 
with the increase of current density. Among them, EG-CNT-Ni-K700 delivers the 
highest capacitance retention from 1 A g-1 to 10 A g-1. 
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Figure 6.8 Electrochemical properties of EG-CNT-Ni-K500, EG-CNT-Ni-K600, and EG-CNT-
Ni-K700. (a) Galvanostatic charge-discharge curves at 1 A g-1and (b) capacitance as a 
function of current density. 
 
The Nyquist plot of EG-CNT-NiO in Figure 6.9 exhibits a small real axis intercept and 
negligible semicircle in the high frequency region, indicating the low internal resistance 
and charge transfer resistance of EG-CNT-NiO. In the low frequency, the slope 
represents diffusion resistance of the electrolyte species (OH-). A steeper gradient 
corresponds to faster ion diffusion.31 
 
 
Figure 6.9 The Nyquist Plot of EG-CNT-NiO. 
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The cycling stability of EG-CNT-NiO was investigated by carrying out charge-
discharge at a current density of 3 A g-1 in 6M KOH (Figure 6.10). After consecutive 
3000 cycles, it remained 93.4% of its initial capacitance, suggesting that it is a stable 
electrode material. Intimate contact between NiO, CNT and EG play a major role in 
cycling stability of electrode material. NiO nanoparticles were embedded into the CNT 
in the composite nanostructure so that the CNT on EG can hold the NiO firmly even at 
charge-discharge processes. Moreover, the nanoscale NiO promotes the efficient 
utilization of redox reactions providing the pseudocapacitance. Therefore, the good 
electrochemical performance of EG-CNT-NiO for SCs is due to its unique nanostructure. 
 
Figure 6.10 Cycling performance of EG-CNT-NiO after 3000 charge-discharge cycles at a 
current density of 3 A g-1. 
 
Some important electroactive properties of composite material prepared in this work are 
compared with that of various electrode materials reported in the literature (Table 6.1). The 
EG-CNT-NiO composite shows better specific capacitance and cycle stability. For example, 
activated EG32 has a unique porous and interconnected morphology of the carbon nanosheets 
facilitating a fast charge transport mechanism. Therefore, the main capacitance comes from 
electric double layer capacitance. However, the capacitance value is lower than EG-CNT-NiO 
even though the latter has a smaller specific surface area. Besides, when EG-CNT-NiO is 
compared with EG-mesoporous carbon,9 the capacitance of EG-CNT-NiO was higher due to 
the existence of NiO, however, sacrificing the cycling stability.29 Similarly, EG/NiO,10 
whose capacitance is high but the cycling stability was not as good as EG-mesoporous 
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carbon, inferior to EG-CNT-NiO. For graphene-CNT composites, nitrogen doping33 
improved the charge transfer and reduced the ion diffusion length during the charge-
discharge process so that the cycling stability is good. However, the capacitance is lower. 
Different from N-doping, direct growth of 3D CNT-graphene seamless hybrids on 
nickel foam,34 where graphene served as linking agent between CNT-metal interfaces, 
leading to efficiently utilised electrical power. Even though utilization efficiency of the 
nickel foam improved, the nickel foam did not involve in the capacitance contribution. 
Therefore, the capacitance is not satisfactory. 
 
Table 6.1 A comparison of various electrodes with EG based and graphene-CNT composites 
Materials Method 
Specific capacitance 
(F g-1) 
Cycle stability 
(% /cycles) 
EG-CNT-NiO 
(this work) 
CVD+KOH 
activation 
294 at 1 A g-1 
93.4%(3000)  
at 3 A g-1 
EG-mesoporous 
carbon9 
Vacuum 
intercalation + 
hydrothermal 
+ carbonization 
203 at 1 A g-1 
95% (5000) 
at 4 A g-1 
EG/NiO10 
Chemical 
deposition + 
thermal annealing 
415 at 1 A g-1 
95% (500) 
at 0.1 A g-1 
Activated EG32 
KOH activation 
and carbonization 
200 at 1 A g-1 - 
Graphene-CNT-nickel 
foam34 
CVD + 
e-beam 
evaporation 
+ CVD 
100 at 1 A g-1 - 
Nitrogen- doped 
graphene-CNT33 
Hydrothermal + 
freeze-drying 
+ carbonization 
100 at 1 A g-1 
96% (3000)  
at 5 A g-1 
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6.4 Conclusions 
In summary, we have prepared EG-CNT-NiO ternary nanostructured composite via chemical 
vapour deposition followed by KOH activation. The strong synergistic effect between the 
carbon matrix (EG and CNT) and the pseudo capacitive material (NiO) gives rise to good 
electrocapacitive properties. CNT on EG provide sufficient surface area and high conductivity 
while NiO induces the redox reactions providing the pseudocapacitance. The SCs based on 
such composite exhibited a specific capacitance of 294 F g-1 at 1 A g-1 with good cycle ability 
(93.4% retained after 3000 cycles). 
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Chapter 7 Integration of reduced graphene 
oxide and cellulose paper for supercapacitors 
116 
 
7.1 Introduction 
As major energy storage devices, SCs have been widely used owing to the advantages such as 
fast charge-discharge, long cycle life, and high power density.1-3 In particular, all solid-state 
SCs are attracting increasing attention.4-6 Gel polymer electrolyte such as PVA-H2SO4 play the 
role of both separator and electrolyte, minimizing the thickness of the whole device under a 
simple fabricaiton process.7 On the one hand, all solid-state SCs can meet the demand for the 
wearable and miniaturized electronics. On the other hand, the safety issue during use and 
transport are minimized. Considerable effort have been dedicated to developing high-
performance all solid-state SCs.8-11 The fabrication of electrode materials plays a crucial role 
in the advances of SCs. Both high surface area and good electrical conductivity are essential 
for excellent electrochemical performance. 
 
Graphene, a two-dimensional material, has shown great promise as a novel electrode material 
for energy storage due to the excellent electrical conductivity and high surface area.12 However, 
the restacking of individual graphene nanosheets (GNS) during the electrode preparation 
results in the decay of surface area, which leads to low practical capacitance.13, 14 Cellulose 
paper (CP), composed of cellulose fiber, possesses some merits such as large surface area and 
abundant pores as well as low cost.15-18 The inner porous structure of CP provides microscale 
space for loading active functional materials. Graphene-derived materials have been integrated 
with cellulose to fabricate advanced electrode materials.19-21 
 
In 2011, Cheng and co-workers7 pioneered the preparation of graphene/cellulose paper 
composite electrode materials by using a simple filtration method. The graphene-cellulose 
paper (GCP) membrane served as freestanding and binder-free electrodes for flexible SCs, 
which showed a capacitance of 46 mF cm-2 and retained more than 99% of its initial capacitance 
over 5000 cycles. Serval research groups followed the work to prepare graphene-cellulose fibre 
composite electrode materials.22-25 To utilise the porous network of CP, Chen and co-workers26 
used the “dipping and drying” method to coat CP with a thin layer of graphene. It should be 
noted that the electrochemical performance of GCP-based electrode materials depends 
significantly upon their composition and structure. Therefore, optimization of both components 
is important to maximise the electrocapacitive properties of GCP-based electrodes. 
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In this work, we used an impregnation method to prepare RGO-CP composite materials. As 
illustrated in Figure 7.1, CP was impregnated with a graphene oxide (GO) suspension, and then 
freeze-dried. The dried composite was carbonized under N2 at 800 °C. The composite was 
activated with KOH at different temperatures. Such a composite electrode combines both the 
merits of both high electrical conductivity of RGO and porous texture of CP, achieving a 
capacitance of 220 F g-1 at a current density of 0.2 A g-1 as an electrode of SCs in 6M KOH. It 
retained 97.6% of its initial capacitance after 10000 continuous cycles at a current density of 2 
A g-1. Moreover, the composite also showed great potential as an electrode material for all 
solid-state SCs, exhibiting a capacitance of 49 mF cm-2 at the scan rate of 2 mV s-1 in PVA-
H2SO4. 
 
 
Figure 7.1 Illustration of the preparation of RGO-CP composites for SCs 
 
7.2 Experiment 
7.2.1 Preparation of GCP composites 
Cellulose paper was cut into equal pieces in the desired size (2 cm×1 cm) and the saturated 
water adsorption volume was measured by weight change before and after water soaking. GO 
suspensions with various concentration were dropped onto the surface of the CP with GO 
loading of 0.1, 0.2, 0.5 and 1.0 mg cm-2. Then the composites were freeze-dried at -68°C for 
48 h. Followed by the carbonization at 850 °C for 2 h at the ramp of 5°C min-1 and KOH-
activation at 800 °C , samples were collected as denoted GCP-1-800, GCP-2-800, GCP-5-800, 
and GCP-10-800, respectively. For comparison, pristine GO and pure CP were treated 
following the same procedure as described above with samples denoted as GO-C-800 and CP-
C-800, respectively. The KOH activation temperature was also investigated. GCP samples (GO 
loading of 0.2 mg cm-2) activated under 600, 700 and 800 °C were collected and denoted as 
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GCP-2-600, GCP-2-700, GCP-2-800. All composites were washed using 5 wt% HCl solution 
and DI water before further use. 
 
7.2.2 Characterizations 
The materials characterizations and electrochemical measurements are conducted according to 
Chapter 3.3 and 3.4. 
 
In this chapter, the CV scans were measured at a potential window of -0.8 ~ 0.0 V ranging from 
5 to 100 mV s-1. The galvanostatic charge-discharge cycles were performed at current densities 
from 0.2 to 2 A g-1 in the potential window of -0.8 ~ 0.0 V. 
 
For all solid-state SCs, CV curves were measured at 0 ~ 0.8V, and galvanostatic charge-
discharge curves were collected at the current densities 0.25 ~ 10 mA cm-2. The capacitance of 
was calculated from CV curves according to the Eq. 7.1, 
 dVVi
SvV
C
V
V



_
2
1
                                                                                                                                                                Eq.7.1 
Where S is the area of the electrode (in cm2), i is the current (in A), υ is the scan rate (in V s-1), 
and V=V+-V_ is the potential change during discharge (in V). 
 
7.2.3 Preparation of all solid-state SCs 
2 g PVA was dissolved in 20 mL DI water at 85 °C under vigorous stirring until the 
solution became clear. Then 2 g H2SO4 was added to this solution at room temperature 
and the mixture was stirred for another 6 h. After drying at 40 °C for 6 h, the PVA- 
H2SO4 gel electrolyte was ready to use. To assemble all solid-state SCs, electrode 
materials were first pasted onto the stainless mesh (current collector), then PVA-H2SO4 
was poured onto the as-prepared electrodes. All solid-state SCs was assembled by 
compressing two such electrodes together. 
 
7.3 Results and discussions 
The porous network of CP is well maintained after carbonization and KOH activation process, 
and the interconnected cellulose fibres with diameter around 20 m can be identified in Figure 
7.2a. GO nanosheets typically restack after thermal treatment, while in this study, the freeze-
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drying process to some extend can preserve the 3D texture of GO nanosheets in suspension, 
resulting in crumpled aggregated layers (Figure 7.2b). It can be attributed to the small ice 
crystals formed during this process and the configuration of each component was captured via 
quick freezing.27-29 
 
 
Figure 7.2 SEM images of (a) CP-C-800 and (b) GO-C-800. 
 
The impregnation of CP with GO suspension enables the deposition of GO nanosheets on 
cellulose fibre. As shown in Figure 7.3a and 7.3b, when the GO loading content is relatively 
low, the macroscope porous network of CP can still be clearly identified. Thin layers of RGO 
nanosheets on the cellulose fibre can be seen from the high-magnification SEM images (Figure 
7.3c and 7.3d as well as SEM cross section images in Figure 7.4). With a higher content of GO 
incorporation, RGO nanosheets gradually fill into the void space of CP (Figure 7.3e and 7.3f) 
and finally cover the cellulose fibre network (Figure 7.3g and 7.3h). 
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Figure 7.3 SEM images of (a, b) GCP-1-800, (c, d) GCP-2-800, (e, f) GCP-5-800 and (g, h) 
GCP-10-800 in low and high magnifications. 
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Figure 7.4 SEM cross-section images of GCP-2-800. 
 
Integration of CP and RGO benefits the composite electrode with improved specific surface 
area and electrical conductivity. Nitrogen adsorption/desorption analysis was conducted for the 
integrated composites. Their BET surface area was calculated and compared with that of GO-
C-800 and CP-C-800 (Figure 7.5a). As expected, sample CP-C-800 owns the highest surface 
area while GO-C-800 gives the smallest surface area. The specific surface areas of the GCP 
composites varied between those samples, ranging from 137 to 594 m2 g-1. It is interesting to 
note that there exists a sharp decrease of surface area when the GO content in composite varies 
from 0.2 to 0.5 mg cm-2. This may result from the aggregation of RGO nanosheets in the void 
of CP network as observed in the SEM images of GCP-5-800 (Figure 7.3e, 7.3f). 
 
 
Figure 7.5 BET specific surface area of GO-C-800, CP-C-800, GCP-1-800, GCP-2-800, GCP-
5-800, and GCP-10-800. 
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Figure 7.6 shows the Raman spectra of GO-C-800, CP-C-800 and GCP-X-800. All six samples 
exhibit D band peak at 1350 cm-1 and G band peak at 1580 cm-1. The D band can be ascribed 
to the generation of defects resulting from the formation of basal pores, which gives rise to 
smaller sp2 domains.30 The presence of the G band implies the graphitized domains. The 
intensity ratio of D to G bands (ID/IG) is usually used to evaluate the degree of disordering in 
carbon framework. Decreased disorder degree of graphitic materials will improve the 
electronic transportation.31 The corresponding ID/IG ratio of all six composites are listed in 
Table 7.1, where the ID/IG declines with the increase of GO content in the composite. 
 
Figure 7.6 Raman spectra of GO-C-800, CP-C-800, GCP-1-800, GCP-2-800, GCP-5-800, and 
GCP-10-800. 
 
Table 7. 1 Raman intensity ratio ID/IG of various samples 
Sample ID/IG 
GO-C-800 0.815 
GCP-1-800 0.921 
GCP-2-800 0.912 
GCP-5-800 0.862 
GCP-10-800 0.851 
CP-C-800 0.940 
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Even though GCP-1-800 has a larger surface area than GCP-2-800, the latter has better 
electrical conductivity (Figure 7.6) and better-interconnected nanostructure (Figure 7.3c and 
7.3d). Therefore, GCP-2-800 is expected to perform good electrocapacitive properties. Figure 
7.7 compares the galvanostatic charge-discharge curves of GCP-1-800, GCP-2-800, GCP-5-
800, GCP-10-800 at a current density of 0.2 A g-1 in 6M KOH. GCP-2-800 shows the longest 
discharging time and achieves the highest capacitance (220 F g-1) among those four samples. 
This implies that the integration of GO and CP is optimized at a GO loading content of 0.2 mg 
cm-2. 
 
 
Figure 7.7 Charge-discharge curves of GCP-1-800, GCP-2-800, GCP-5-800, and GCP-10-
800 at a current density of 0.2 A g-1 in 6M KOH. 
 
Nyquist plots of GCP-1-800, GCP-2-800, GCP-5-800, and GCP-10-800 in 6M KOH are shown 
in Figure 7.8. All Nyquist plots feature three parts: (i) a low x-axis intercept in the high 
frequency region indicating the equivalent series resistance (ESR), (ii) a semicircle 
representing the charge transfer resistance (Rct) in the medium frequency region and (iii) a 
linear part in the low frequency region. ESR value of those four samples are nearly the same. 
Both GCP-5-800 and GCP-10-800 show larger Rct compared to GCP-1-800 and GCP-2-800, 
which is corresponding to their disconnected nanostructure shown in SEM images (Figure 7.3e-
7.3h). 
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Figure 7.8 Nyquist plots of GCP-1-800, GCP-2-800, GCP-5-800, and GCP-10-800 in 6M 
KOH. 
 
To further justify the benefits of incorporating RGO in CP network, the electrochemical 
performance of GCP-2-800 is compared with sample GO-C-800 and CP-C-800. The specific 
capacitance as a function of current density of all three samples is shown in Figure 7.8a. 
Compared with GO-C-800 and CP-C-800, GCP-2-800 exhibits the highest capacitance at the 
current density ranging from 0.2 to 5 A g-1. Moreover, its capacitance remained around 70% 
when current density changes from 0.2 to 5 A g-1. Figure 7.9b shows the Nyquist plots of those 
three samples. GCP-2-800 exhibits little difference compared with GO-C-800 and CP-C-800 
regarding ESR. GCP-2-800 shows the Rct between that of GO-C-800 and CP-C-800. In low 
frequency region, the vertical behaviour of the linear part correlates to a dominance of the 
EDLC. GCP-2-800 shows a vertical tale, implying validated EDLC mechanism. Charge-
discharge curves of GCP-2-800 at different current densities in Figure 7.9c show a good 
symmetric triangle shape. The cycling stability of the GCP-2-800 electrode was performed 
through 10000 consecutive charge-discharge curves at a current density of 1 A g-1. Figure 7.8d 
shows that there is only around 2.5% capacitance degradation after 10000 cycles, indicating its 
good stability. 
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Figure 7.9 Electrochemical properties in 6M KOH of GO-C-800, CP-C-800, and GCP-2-800 
(a) specific capacitance as a function of current density, (b) Nyquist plots, (c) charge-discharge 
curves of GCP-2-800 and (d) cycling performance of GCP-2-800 at a current density of 1 A g-
1 after 10000 cycles. 
 
The GCP composite sample with GO loading of 0.2 mg cm-2 was activated with KOH at 600, 
700 and 800 C. Figure 7.10a shows the statistic of BET surface area and micropore surface 
area of those samples. It can be seen in Figure 7.10a that both BET surface area and micropore 
surface area increase with increasing activation temperature. The corresponding Raman spectra 
of those samples are shown in Figure 7.10b. With the increase of activation temperature, the 
ID/IG ratio increases, indicating a decrease in graphitic domains.
32 
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Figure 7.10 (a) BET specific surface area and micropore surface area, and (b) Raman spectra 
of GCP-2-600, GCP-2-700 and GCP-2-800. 
 
Figure 7.11 shows the charge-discharge curves of GCP-2-600 and GCP-2-700 at different 
current densities. Neither of their capacitance is as good as that of GCP-2-800. The 
electrochemical performance evaluations of those three samples suggest GCP-2-800 indeed 
has the best capacitive properties. It may be mainly due to GCP-2-800 possesses the highest 
surface area and largest micropore surface area (Figure 7.10a), which is favourable for EDLC. 
 
 
Figure 7.11 Charge-discharge curves of (a) GCP-2-600 and (b) GCP-2-700. 
 
Here, GCP-2-800 was employed as the electrode materials to assemble all solid-state symmetry 
SCs. Figure 7.12a shows the CV curves of this device at scan rates ranging from 2 to 100 mV 
s-1. At 2 mV s
-1, the CV curve is a rectangular shape, demonstrating that efficient EDLC is 
established in the electrodes. The capacitance calculated at 2 mV s-1 is 49 mF cm-2. Even at a 
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high scan rate of 100 mV s-1, the CV curve remains quasi-rectangular shape. The charge-
discharge curves of the device at different current densities are plotted in Figure 7.12b, which 
show nearly symmetric shape, indicating the good reversibility for the device during the 
charge-discharge process. The whole device exhibits nearly the same CV curve under bending 
and flat conditions (Figure 7.12c). Moreover, the capacitance remained around 93% of the 
initial capacitance at the current density of 1 mA cm-2 after bending for 100 times (Figure 
7.11d). 
 
Figure 7.12 Electrochemical performance of GCP-2-800 in PVA-H2SO4 for all solid-state SCs 
(a) CV curves at different scan rates up to 100 mV s-1, (b) charge-discharge curves at different 
current densities, (c) CV curves at flat and bending state (with a bending angel of 90⁰) at 5 mV 
s-1 and (d) capacitance retention after bending over 100 times. 
 
The electrochemical performance of the as-prepared composite electrode in this study is 
compared with various carbon materials consisting CP and RGO reported in literature (Table 
7.2). Sample GCP-2-800 exhibits comparable electrochemical properties regarding the specific 
capacitance and cycle stability compared to previous reports. Synergistic effect between RGO 
and cellulose fiber enables RGO nanosheets to bridge the cellulose fiber together and the 
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cellulose fiber provide as lines to weave and wrap RGO nanosheets together.19 Such composite 
featured large surface area accessible to electrolyte and conductive pathways for the electron 
transfer. 
Table 7.2 Comparisons of the electrochemical properties of various graphene - cellulose 
composites. 
Materials 
Preparation 
method 
Capacitance 
in aqueous 
electrolyte 
Capacitance 
in gel electrolyte 
Cycling stability 
%, (NO. of cycles) 
RGO-CP paper 
(this work) 
Impregnation + 
KOH activation 
220 F g-1 at 
0.2 A g-1 
49 mF cm-2 at 2 mV s-1 
in PVA-H2SO4 
97.6%, (10000) 
at 1 A g-1 
in aqueous electrolyte 
Graphene 
cellulose paper 
membrane7 
Vacuum 
filtration 
120 F g-1 at 
1 mV s-1 
of graphene 
46 mF cm-2 at 2 mV s-1 
in PVA-H2SO4 
>99%,(5000) 
at 50 mV s-1 
in aqueous electrolyte 
Graphene 
cellulose tissue 
composite23 
Vacuum 
filtration 
60 mF cm-2 at 
0.5 A cm-2 
54 mF cm-2 at 
80 mA cm-2 
in PVA-H2SO4 
95%, (5000) 
at 5 A g-1 
in aqueous electrolyte 
Graphite/cellulo
se paper33 
Directly 
drawing 
23 mF cm-2 at 
0.2 A g-1 
(23 F g-1) 
- 
>90%,(15000) 
at 5 A g-1 
in aqueous electrolyte 
PANI-RGO/CP 
composite 
paper26 
Dipping and 
drying 
+hydrothermal 
464 F g-1 
at 1 A g-1 
224 F g-1 at 0.1 A g-1 
in PVA-H2SO4 
89%, (1000) 
at 0.1 A g-1 
in gel electrolyte) 
Bacterial 
cellulose paper 
and CNT34 
Vacuum 
filtration 
- 
20.2 mF cm-2 at 1 A g-1 
in ion gel 
>99.5%, (5000) 
at 10 A g-1 
in gel electrolyte 
 
7.4 Conclusions 
In summary, a RGO/CP composite has been fabricated through impregnation process with 
controlled GO loading content. RGO nanosheets that deposited on the CP network bridge the 
carbon fibers and connect the porous framework. The coating of RGO enhances the 
conductivity while cellulose provides large surface area accessible to the electrolyte ions. KOH 
activation process further promotes the composite with high surface area. The composite 
electrode GCP-2-800 exhibits a capacitance of 220 F g-1 at 0.2 A g-1 in 6M KOH and 49 mF 
cm-2 at 2 mV s-1 in all solid-state SCs, showing great potential as electrode materials for SCs. 
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8.1 Conclusions 
This thesis focuses on the design and fabrication of graphite-derived composite materials for 
excellent performance SCs. Different substrate materials, i.e., graphite oxide, graphene oxide 
and expanded graphite were hybridised with various secondary components, including metal 
oxides (manganese oxides, and nickel oxide), CNT and cellulose paper to fabricate advanced 
electrode materials. The capacitance enhancement was achieved by the EDLC improvement 
and pseudocapacitance introduction. Each of the preceding chapters corresponds to the 
research objectives described in Chapter 1. The following conclusions could be drawn: 
 
1. Graphite oxide-MnOx composites were prepared via one-pot method by precipitation 
of manganese species from KMnO4 added during the synthesis of graphite oxide in a 
modified Hummers’ method. Tailoring the mass ratio of the KMnO4/graphite (1, 2, 5, 
10) can control the morphology and crystalline phase of the manganese oxide formed 
during precipitation. The composite with a KMnO4/graphite mass ratio of 2 contained 
well-dispersed nanoflowers of MnO2 phase and exhibited a specific capacitance of 120 
F g-1 in 6M KOH at a current density of 0.2 A g-1. This composite retained 85% of its 
original capacitance after 2000 cycles, indicating an excellent stability against cycling. 
It is noted that the different mass ratio generated different oxygen-containing functional 
groups on GrO, which determines the MnOx growth and dispersion. These results 
highlight the importance of control of the metal oxide phase and morphology on 
electrochemical performance. 
 
2. Expanded graphene oxide (EGO) was interspersed with NiO nanoparticles by thermal 
treatment of GO and nickel (II) acetylacetonate. Characterisation of the EGO-NiO by 
XRD, TEM, SEM, EDS, and AFM revealed that the NiO particles were deposited 
between RGO layers and increased the interlayer spacing of the original graphene oxide 
material from 0.70 nm to 4.5 nm. Charge-discharge cycling performance of the EGO-
NiO electrodes suggests that the NiO nanoparticles contributed to pseudocapacitance 
and act as pillars to prevent restacking of the RGO sheets during charge-discharge 
cycles. The EGO-NiO composite exhibited a specific capacitance of 880 F g-1 at a 
current density of 1 A g-1 in 6M KOH and an 93.1% retention of its initial capacity after 
5000 cycles at a high current density of 5 A g-1, suggesting that EGO-NiO composite 
are promising electrode materials for SCs. Importantly, the choice of nickel precursor 
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(metal organic compound) to utilize π bonds in this synthesis method is crucial for 
expanding graphene oxide thus increase the interlayer distance. In addition, other metal 
acetylacetonates such as iron, manganese or cobalt acetylacetonate can also be applied 
to prepare EGO-metal oxide composite electrode materials for SCs. 
 
3. The ternary composite consisting of EG, CNT, NiO was prepared by chemical vapour 
deposition method following a KOH activation. Different KOH activation temperature 
(500 ~ 800°C) effect was also studied. Those three components play a synergic effect, 
that is, EG provides the sufficient surface area to the electrolyte, CNT promotes the 
conductivity and NiO contributes to the pseudocapacitance. The capacitance of that 
composite reached 294 F g-1 at a current density of 1 A g-1 in 6M KOH. A 93.4% 
capacitance retention of its initial capacity after 3000 cycles at a current density of 3 A 
g-1 was achieved. It is believed that the in situ introduce CNT and NiO to EG provides 
great potential for the application of commercial EG in energy storage field. 
 
4. Composite electrode materials based on RGO and cellulose paper were prepared 
through impregnation followed by KOH activation approach. Various GO content 
(0.1 ~1 mg cm-2) and different KOH activation temperatures (600°C, 700°C, and 800°C) 
were investigated. It was concluded that the sample with GO content of 0.2 mg cm-2, 
KOH activated at 800 °C outperform all other RGO-CP composites. The optimized 
RGO-CP composite exhibited excellent performance in 6M KOH electrolyte and also 
in PVA H2SO4.The specific capacitance of the optimized RGO-CP composite measured 
in 6M KOH at a current density of 0.2 A g-1 reached 220 F g-1 and 97.6% capacitance 
remained after 10000 cycles at a current density of 1 A g-1 in 6M KOH. It is noted when 
measured in PVA-H2SO4, the supercapacitor device delivered a capacitance of 49 mF 
cm-2 at 2 mV s-1. These results indicates the great potential of the integration of RGO 
and CP for all solid-state SCs. 
 
The electrochemical performance of the key samples in this thesis are listed in Table 8.1. 
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Table 8.1 Comparison of the electrochemical properties of the synthesized electrode materials 
in chapter 4, 5, 6 and 7. 
Composite materials Specific capacitance Cycling stability Chapter 
GrO-MnO2 120 F g
-1 at 0.2 A g-1 85.0% (2000) at 1 A g-1 4 
EGO-NiO 880 F g-1 at 1 A g-1 93.1% (5000) at 5 A g-1 5 
EG-CNT-NiO 294 F g-1 at 1 A g-1 93.4% (3000) at 3 A g-1 6 
RGO-CP 220 F g-1 at 0.2 A g-1   97.6% (10000) at 1 A g-1 7 
 
8.2 Recommendations 
Based on the results covered in this thesis, the following recommendations are made: 
 
1. Heteroatom doping is also an effective way to increase capacitance. The work in this 
thesis did not include the heteroatom doping or other modification of GO itself. Thus 
in the future work, heteroatom doping of GO is recommended in order to increase the 
charge carrier density to improve the capacitance via the electron transportation 
pathway. 
 
2. In this work, CNT and metal oxide were introduced into EG, but the weight ratio 
between these three components was not studied. Therefore, optimization of each 
component in composite could be helpful to promote high specific capacitance in future. 
In addition, the involvement of conducting polymer in the metal oxide/graphene 
composite is recommended, which is believed to further benefit the performance of 
electrode materials. 
 
3. Utilizing the molecular simulation will enable the basics of chemistry to serve for the 
design of advanced electrode materials. It is highly recommended that molecular 
simulation should be employed to design materials and uncover the details of energy 
storage mechanism. 
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4. To meet the demand for flexible electronic systems, electrode materials for all solid-
state SCs have been exploited by researchers. However, how to scale up the device 
remains a challenge, especially when taking the cost into account. 
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